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Summary

During infection, S. Typhimurium employs Sa/monella pathogenicity island (SPI)-encoded
type three secretion systems (T3SS) 1 and 2 to invade and survive in host cells. However,
expression of SPI-2 is seen at the epithelial border prior to host cell invasion in response to
an unknown signal. A zone of relative oxygenation adjacent to the gastrointestinal tract
mucosa, caused by diffusion of oxygen from the capillary network has been shown to cause
priming of Shigella and Enterotoxigenic E. coli for entry into host cells through the oxygen
sensing capabilities of the anaerobic metabolism regulator FNR. However, regulation of
SPI-2 by FNR has not been established in S. Typhimurium. Here we show using a
combination of RNA-seq and ChIP-seq that SPI-2 is highly expressed in an Afnr mutant
under microaerobic conditions, and that FNR is a direct repressor of SPI-2 genes. Our
particular focus on FNR regulation of SPI-2 under microaerobic growth in a
glycerol/trimethylamine N-oxide/fumarate minimal medium has revealed that, not only does
FNR repress the expression of the SPI-2 encoded type three secretion system apparatus
proteins, effectors and chaperones through direct regulation of the SPI-2 response regulator
SsrB, but it is also involved in the direct repression of a great number of effectors and
virulence relevant sSRNAs encoded throughout the chromosome and on the Sal/monella
virulence plasmid and that growth under aerobic conditions relieved repression.
Furthermore, we have shown that the accurate spatiotemporal expression of SPI-2 is integral
for maintenance of bacterial fitness, provided additional evidence that oxygen is an
important signalling molecule for the control of bacterial motility and demonstrated that
FNR is an important regular in both intra- and extracellular environments. Our results
demonstrate that S. Typhimurium regulates expression of virulence genes in response to
changing oxygen concentrations to prepare for the harsh intracellular environment of host
cells using the regulator of anaerobic metabolism FNR. Importantly, analysis of our Afnr
RNA-seq-based transcriptomic data in conjunction with previously published datasets, will
provide a more complete picture of mixed regulatory interactions within the cell. We hope
that the addition of this data will help in the development of the full understanding of all
regulatory interactions and inputs involved in the establishment of S. Typhimurium

infection.
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Chapter 1

General Introduction



1.1 Salmonella

1.1.1 Overview of the Salmonella genus

Members of the genus Sa/monella belong to the Enterobacteriaceae family (Ibarra & Steele-
Mortimer, 2009; Rhen & Dorman, 2005). They diverged from a common ancestor with
Escherichia coli (E. coli) between 100 and 150 million years ago (Fookes et al., 2011;
Sabbagh et al., 2010). Salmonella are Gram-negative, rod-shaped, motile flagellates,
facultative anaerobes and facultative intracellular pathogens (Fabrega & Vila, 2013). The
nomenclature of Salmonella is complex, contentious and still evolving. The current
recommended system of nomenclature by the World Health Organization (WHO)
Collaborating Centre (Issenhuth-Jeanjean et al., 2014) subdivides the genus by differences
in their 16S ribosomal RNA (rRNA) into two species: Salmonella bongori (S. bongori) and
Salmonella enterica (S. enterica) (Popoff et al., 2004). The type species, S. enterica, can be
further divided into six subspecies, enterica (1), salamae (1), arizonae (111a), diarizonae
(ITIb), houtenae (IV) and indica (V1), based on their genomic relatedness and biochemical
properties (Reeves et al., 1999). S. enterica subsp. enterica is found predominantly in
mammals and contributes to the vast majority of Salmonella infections in humans and warm-
blooded animals. S. bongori and the remaining S. enterica subspecies are commonly
associated with commensalism of cold-blooded vertebrates and isolation from
environmental sources, with only a limited number of human infections reported (Desai et
al., 2013; Fookes et al., 2011; Sabbagh et al., 2010). Salmonella is further subdivided into
serovars (serotypes) based on serologic identification of O (lipopolysaccharide) and H
(flagellar) antigens with over 2,500 in total, and the enterica subspecies encompassing over
1,500 serovars (Grimont & Weill, 2007; Issenhuth-Jeanjean ef al., 2014). For simplicity, the
species and subspecies of S. enterica subsp. enterica serovars are commonly omitted, for
example Salmonella enterica subsp. enterica sv. Typhimurium is shortened to S.

Typhimurium (Brenner et al., 2000).

S. enterica infections, or salmonellosis, result in two major clinical manifestations:
gastroenteritis and enteric fever. Enteric fever, also called Typhoid fever is human host-
restricted systemic febrile infection caused by S. Typhi. A clinically similar but, often less
severe disease, Paratyphoid fever, is caused by S. Paratyphi A, B and C (Crump & Mintz,
2010; McClelland et al., 2004). S. Typhi is a relatively recently evolved serovar of

Salmonella, as its divergence from a common ancestor is estimated to be only 50,000 years
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ago and it has adapted to exclusively infect humans (Kidgell ez al., 2002). S. Typhi remains
relevant today as it causes an estimated 21 million infections annually, resulting in
approximately 200,000 — 600,000 deaths primarily in regions with poor economic
development in children, adolescents, and the elderly (Buckle et al., 2012; Crump & Mintz,
2010). S. Typhi is spread through fecal-oral transmission via contaminated food or water.
After exposure, signs and symptoms may initially be absent, as the bacteria can disseminate
systemically without triggering a pro-inflammatory response or diarrheal disease. Infected
individuals carry S. Typhi in their bloodstream and intestinal tract, and they shed bacteria in
their stool. After the incubation period, some people may remain asymptomatic.
Asymptomatic carriers of S. Typhi harbour the bacteria in their gallbladder and, as was
demonstrated by the infamous case of Mary Mallon or “Typhoid Mary” in the early 1900s,
go on to spread enteric fever through person-to-person transmission (Basnyat & Baker,
2015; Gonzalez-Escobedo et al., 2010). Others will go on to exhibit extreme fatigue, high
fever (>39°C), coughing, vomiting, headache and rapid pulse (Dougan & Baker, 2014).

Strains of non-typhoidal Salmonella (NTS) are the second most common causative agent of
gastroenteritis after Campylobacter species, responsible for an estimated 93 million cases of
gastroenteritis annually, as well as more than 155,000 deaths (Majowicz et al., 2010; Murray
et al., 2015). The majority of human infections are caused by two S. enterica serovars,
Typhimurium and Enteritidis. NTS infection begins with an inflammatory response upon
invasion of host epithelial cells, with 80% of cases leading to a self-limiting gastroenteritis
with symptoms including diarrhea with or without blood, abdominal cramps, nausea and
fever (Dougan & Baker, 2014). NTS is typically non-fatal in healthy adults however, infants,
young children, elderly people and immunocompromised patients are highly susceptible to
NTS infections (Scallan ef al., 2011). Invasive NTS (iNTS) has recently emerged as a new
pathogenic clade with a distinct genotype in sub-Saharan Africa. This emerging pathogen
may have adapted to occupy an ecological and immunological niche provided by HIV,
malaria, and malnutrition in Africa (Feasey et al., 2012). iNTS strains of S. Typhimurium
lead to an estimated 2 to 3 million infections and up to 700,000 deaths per year, with a
mortality rate between 20-25% (Ao et al., 2015; Feasey et al., 2012; Gordon, 2008). Unlike
Typhoidal serovars, NTS are zoonotic pathogens and have a broad spectrum of warm- and
cold-blooded hosts. Thus, NTS are easily disseminated through agriculture resulting in
contamination of food such as beef, poultry, eggs, and fresh produce (Stevens et al., 2009).
In mice, infection by S. Typhimurium results in a typhoid-like systemic fever similar to that

of the human host-restricted serovars Typhi and Paratyphi. Therefore, S. Typhimurium is
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used in murine systemic infections for the study of typhoid fever pathogenesis (Coburn et

al., 2006; Hurley et al., 2014; Sabbagh et al., 2010).

In this study S. Typhimurium strain 4/74 (GenBank accession numbers CP002487-
CP002490) was used for all experiments. Strain 4/74 was originally isolated from a calf with
salmonellosis in the UK, it is a virulent isolate and the parent strain of the commonly used
lab strain and histidine (4isG) auxotroph SL.1344. Strain 4/74 differs from SL1344 by only
8 single nucleotide polymorphisms (SNPs) including in 4isG (Hoiseth & Stocker, 1981;
Kroger et al., 2012; Richardson et al., 2011). Strain 4/74 is a prototroph for histidine
production that possesses a functional histidine biosynthetic pathway that is important for
replication in the vacuolar environment of certain mammalian cells including macrophages
(Henry et al., 2005) and is more invasive than another commonly used lab strain ATCC
14028S due to heterogeneity in expression of Salmonella pathogenicity island 1 (Clark et
al.,2011).

1.1.2 Pathogenesis of S. Typhimurium

Consumption of contaminated food and water is the primary route of infection for
S. Typhimurium (Ohl & Miller, 2001; Thompson et al., 2006). Following ingestion,
S. Typhimurium must pass through the gastrointestinal (GI) tract from the mouth, through
the esophagus, and through the stomach to reach the small intestine where it encounters a
variety of stressful conditions meant to protect the host from infection (Figure 1.1). First,
there is an upshift in temperature from that of the outside environment to approximately
37°C in humans. As S. Typhimurium reaches the stomach, it must also survive the extreme
acidic pH. Response to acid shock and survival in the stomach is facilitated by the acid-
tolerance response (ATR) (Alvarez-Ordéﬁez etal.,2011; Haraga et al., 2008; Ohl & Miller,
2001). The ATR is also responsible for preparing bacterial cells for the acidic intracellular
environment later in infection (Foster, 1991; Foster & Hall, 1990). As S. Typhimurium
travels through the duodenum and jejunum of the small intestine to reach the ileum, its
preferred site for invasion, the bacterium encounters increased osmolarity and anaerobiosis,
as well as the host intestinal microbiota (Hébrard et al., 2011). To reach the intestinal
epithelium, S. Typhimurium requires a functional motility and chemotaxis system (Jones et
al., 1981). While crossing the intestinal mucosal layer, the bacterium must resist the host
innate immune system including such elements as bile salts and antimicrobial peptides in

order to access and adhere to the underlying epithelium (Haraga et al., 2008).
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Once at the intestinal epithelium, S. Typhimurium invades epithelial cells. It preferentially
targets microfold (M) cells for translocation and can induce transformation of epithelial cells
into M cells to promote host colonization and invasion (Jepson & Clark, 2001; Tahoun et
al., 2012). M-cell-mediated uptake of S. Typhimurium also allows bacterial cells to invade
adjacent epithelial cells from their apical and basolateral surfaces (Haraga et al., 2008).
Adherence of bacterial cells to the apical surface of epithelial cells is necessary for the
induction of invasion associated genes (Jones et al., 1981) and is accomplished by
Salmonella surface appendages such as fimbriae and non-fimbrial adhesins (Wagner &
Hensel, 2011). Following attachment, Salmonella Pathogenicity Island 1 (SPI-1) encoded
type Il secretion system (T3SS)-dependent translocation of effector proteins into the cytosol
of non-phagocytic cells actively induces host cell cytoskeletal rearrangement, membrane
ruffling and ultimately uptake of the bacterium into a membrane-derived vacuole (Finlay e?
al., 1991; Lhocine et al., 2015; Srikanth et al., 2011). Detection of the invading bacteria by
components of the host immune system and active translocation of additional bacterial
effectors into epithelial cells by S. Typhimurium leads to a pro-inflammatory immune
response, resulting in the inflammation of the gut, fluid secretion and the symptoms of
gastroenteritis (Haraga et al., 2008; Hurley et al., 2014; Thiennimitr et al, 2012).
Inflammation promotes shedding of epithelial cells into the lumen of the intestine, depositing
bacteria back into the lumen. Bacteria that remain in the intestinal lumen can benefit from
the by-products inflammation of the intestine to use as electron acceptors for anaerobic
metabolism to outcompete the resident microbiota who rely on fermentation (Thiennimitr et
al., 2012; Winter et al., 2013). Enhanced growth in the intestinal lumen promotes

transmission of S. Typhimurium to new hosts by the fecal-oral route (Lawley et al., 2007).

S. Typhimurium cells that successfully invade host epithelial cells are enclosed in a
membrane-derived vesicle termed the spacious phagosome (SP). The SP later fuses with
lysosomes, acidifies and shrinks to become adherent around one or more bacteria creating
the Salmonella-containing vacuole (SCV) (Steele-Mortimer, 2008). Maturation of the SCV
and survival of bacterial cells is dependent upon proteins encoded on Salmonella
pathogenicity island 2 (SPI-2). The SPI-2 T3SS translocates effector proteins across the
phagosomal membrane to allow intracellular survival and replication. Formation of the SCV
requires altering the host cell endocytic trafficking pathway to avoid normal phagosome
maturation and fusion with lysosomes (Rathman et al., 1997). As the SCV matures, S.
Typhimurium encounters additional stressors including starvation of magnesium, phosphate

and iron and a further reduction in pH (Hébrard et al., 2011). The mature SCV migrates to
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the Golgi-apparatus and simultaneously Sa/monella-induced filaments (SIFs) are formed.
SIFs are tubular filamentous structures which extend from the SCV and form complex
networks throughout the cell to facilitate interactions with host organelles (Knuff & Finlay,
2017; Krieger et al., 2014). S. Typhimurium can also proliferate in epithelial cells outside of
their SCV. A significant subpopulation damages the SCV membrane, leading to escape from
the SCV and extensive proliferation in the cytosol. These bacteria use SPI-1 encoded
proteins to evade destruction by autophagic mechanisms of the host epithelial cell and

survive to hyper-replicate in the epithelial cytosol (Knodler et al., 2014).

Infection with NTS in healthy human adults, is usually limited to the intestine, however in
cases of susceptible hosts and in murine infections, S. Typhimurium can go on to persist in
the SCV of macrophages. SCVs transcytose to the basolateral membrane of epithelial cells
and are subsequently engulfed by phagocytic cells, primarily macrophages. This bacterial
internalization ultimately results in an intra-macrophage SCV. The intra-macrophage SCV
is similar to the intra-epithelial SCV, and similar host cell pathways are triggered, allowing
S. Typhimurium to proliferate by preventing phagosome maturation (Fabrega & Vila, 2013).
There are some differences between the SCVs of the epithelial cells and macrophages. While
nutrient starvation and acidic pH is a feature of both intracellular vacuoles, the intra-
macrophage is more bactericidal in nature (Hautefort et al., 2008). Remodelling of the
protein, carbohydrate and membrane components of the bacterial envelope confer resistance
to antimicrobial peptides and reactive oxygen and nitrogen species (ROS, RNS) that can
damage the bacterial cell (Haraga et al., 2008). Infected macrophages can go on to cause
systemic infection by disseminating through the bloodstream to organs such as the spleen

and liver (Haraga et al., 2008).
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Figure 1.1 S. Typhimurium must circumvent stressful conditions during infection.

S. Typhimurium is ingested via contaminated food or water and passes through
gastrointestinal (GI) tract from the mouth, esophagus, and stomach to the small intestine. S.
Typhimurium encounters several deleterious stress conditions in the GI tract as part of the
hosts first line of defense. Magnified panel: Environmental signals within the intestinal
lumen induce expression of the Sa/monella Pathogenicity Island 1 (SPI-1) Type 3 Secretion
System (T3SS), which injects effector proteins into the host epithelial cell (in red). These
effector proteins trigger intestinal inflammation and bacterial endocytosis of the bacteria and
invasion of the intestinal epithelial cells. The intracellular environment of host cells provides
the necessary signals for expression of the SPI-2 T3SS and effector proteins (in blue). S.
Typhimurium survives and proliferates intracellularly within the Salmonella containing
vacuole (SCV). In susceptible hosts, S. Typhimurium becomes engulfed by macrophages
and survives and replicates within the SCV, leading to bacterial dissemination and systemic
infection. Conditions encountered by S. Typhimurium within the macrophage SCV induce

expression of SPI-2 genes necessary for survival and proliferation.

1.1.3 Flagella

Flagella are complex motility structures that allow rotational propulsion of bacteria and
chemotaxis towards nutrients (Stecher et al, 2008). Salmonellae are peritrichously
flagellated, meaning they have multiple flagella at random positions on cell. They express
between 5-10 flagella at a time (Parker & Guard-Petter, 2001; van Asten & van Dijk, 2005).
The synthesis and function of the flagellar and chemotaxis systems involves over 50 genes
from at least 17 operons (flh, flg, li, flj, mot, che, tar, tsr, and aer) that constitute the flagellar
regulon (Chilcott & Hughes, 2000). The individual flagella are composed of three distinct
substructures: the basal body, a transmembrane motor, a hook that links the motor and the
filament, and the filament that acts as a propeller (Aizawa, 1996). The major structural
component of the filament is flagellin, a monomeric protein encoded by two different genes,
fIiB and fIiC. S. Typhimurium exhibits phase variation via alternate expression of the two
antigenically distinct flagellins (Bonifield & Hughes, 2003). Cytosolic delivery of flagellin
by bacterial secretion systems has been shown to cause activation of the host inflammasome
and subsequent pro-inflammatory cell death of infected macrophages, thus repression of
flagellin in the macrophage is important for intracellular survival. Recently, a trans-acting

leader mRNA was discovered to post-transcriptionally regulate fIjB from the same operon
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as a virulence protein, mgtCBR during infection (Choi ef al., 2017; Miranda-CasoLuengo e?
al., 2017). Additionally, bacteria expressing FliC-flagella were advantaged in identifying
target sites on host cell surfaces and invading epithelial cells and, FliC-expressing S.
Typhimurium outcompeted FljB-expressing bacteria for intestinal tissue colonisation in
gastroenteritis and typhoid murine infection models (Horstmann et al., 2017). Bacterial
flagella are required for both bacterial movement and immune detection, therefore
production of flagella must be tightly regulated during infection. As previously discussed,
flagella play a role in S. Typhimurium virulence as motility is necessary for bacterial
approach to the epithelial cells in the host ileum, which is a prerequisite for bacterial
adhesion and invasion of host cells. Flagella also play a role in providing a competitive
advantage to S. Typhimurium as mutations affecting flagellar assembly and chemotaxis
impaired the fitness of the pathogen in the inflamed intestine, but not in the normal gut.
Thus, motility allows S. Typhimurium to move towards high energy nutrients and utilize
them for enhanced growth in the inflamed gut (Stecher et al., 2008). Aflagellated Sa/monella
were deficient in their ability to upregulate the pro-inflammatory response in a murine
enteritis model and caused increased epithelial apoptosis. Therefore, it can be suggested that
flagella are involved in the induction of the pro-inflammatory response and inhibition of
apoptosis in epithelial cells (Vijay-Kumar & Gewirtz, 2009). Recently a link has been made
between SPI-2 and flagellar regulation. The study shows that SsrB, the SPI-2 response
regulator, alters a transcriptional network controlling bacterial motility through an SsrB
binding site upstream of fIADC. This repression through SsrB limits inflammasome
activation during host cell infection (Ilyas et al, 2018). Thus, flagella are important
virulence factors for S. Typhimurium, as the bacterium must move toward nutrients to obtain

food, and it simultaneously must evade the host immune system.

1.1.4 Salmonella pathogenicity islands

The ability of Salmonella to cause disease is largely dependent on the expression of genes
found in the Sal/monella pathogenicity islands (SPIs). The SPIs are large clusters of genes
encoding various virulence factors with low GC content and different codon usage compared
to the rest of the chromosome (Groisman & Ochman, 1997). The pathogenicity islands were
acquired by horizontal gene transfer and are therefore not found in non-pathogenic relatives
(Jacobsen et al., 2011). To date 23 pathogenicity islands have been identified across the
Salmonella genus (Fookes et al., 2011; Hayward et al., 2014; Sabbagh et al., 2010), and S.
Typhimurium carries 13 SPIs (Krdger et al., 2012). However, only 5 SPIs are of particular
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importance and have been clearly shown to play a role in S. Typhimurium virulence (Fabrega
& Vila, 2013) (Table 1.1). Coordinated regulation of SPI encoded genes involves loci
situated both within and outside the islands on the chromosome, and a virulence plasmid
(Ellermeier & Slauch, 2007; Fabrega & Vila, 2013). SPI-1 and SPI-2 are the best studied
pathogenicity islands, both encoding T3SSs that translocate effector molecules into host
cells and are required for invasion of epithelial cells and intracellular survival, respectively

(Haraga et al., 2008).

1.1.4.1 Salmonella Pathogenicity Island-1

The SPI-1 pathogenicity island is approximately 40 kb and has been shown to be required
for invasion of non-phagocytic epithelial cells, induction of intestinal inflammatory
responses and diarrhea, as well as colonization of the intestine. Genes encoding the structural
components of the SPI-1 T3SS and effector proteins are organised into three operons:
prglorg, inv/spa and sic/sip (Ellermeier & Slauch, 2007). The prg/org and inv/spa operons
encode a needle complex while the sic/sip operon encodes a translocon which embeds in the
host cell membrane for translocation of effector proteins (Haraga et al., 2008; Srikanth et
al., 2011). Upon contact with epithelial cells, S. Typhimurium initiates the translocation of
several effector proteins in a highly co-ordinated fashion to mediate its uptake by
endocytosis (Srikanth ef al., 2011). SopE, SopE2 and SopB are essential for invasion of S.
Typhimurium as mutants defective in any of these effectors are incapable of inducing actin
cytoskeleton rearrangements (Haraga et al., 2008; Srikanth et al., 2011). The effectors SipA

and SipC are responsible for membrane ruffling and engulfment (Srikanth et al., 2011).

Signals integrated by a multitude of SPI-1 encoded and global regulators constitute a
complex regulatory network to control the expression of SPI-1. HilA (hyperinvasion locus),
encoded by hilA, is the master regulator of SPI-1 and ultimately, all forms of regulation act
via modulating its expression. Mutants of hil4 are incapable of invasion and are
phenotypically equivalent to SPI-1 mutants (Lee et al., 1992). HilA binds to and activates
the promoters of the needle complex operons prg/org and inv/spa. Three positive regulators,
SPI-1 encoded HilC and HilD, and RtsA control the expression of 4il4 through a feed
forward loop. Additionally, whether by direct regulation of 4il4 or indirect regulation via
regulation of 4ilC, hilD or rtsA, SPI-1 expression is controlled by environmental cues which
are sensed and integrated by two component regulatory systems such as SirA/BarA,

OmpR/EnvZ and PhoP/PhoQ (Ellermeier et al, 2005; Ellermeier & Slauch, 2007).
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Furthermore, SPI-1 is regulated by changes in DNA supercoiling and by several global
regulators including the nucleoid-associated proteins (NAPs) FIS, H-NS, IHF, Hha and HU
(Banos et al., 2009; Cameron et al., 2011; Mangan et al., 2006; 2011; Ono et al., 2005;
Troxell et al., 2011).

1.1.4.2 Salmonella Pathogenicity Island-2

The SPI-2 pathogenicity island is in its entirety 40 kb however, it can be separated into two
distinct sections. The first section is a 15 kb region that encodes genes necessary for
anaerobic respiration using tetrathionate as a terminal electron acceptor (discussed in detail
in Section 1.2.2) and other genes of unknown function. The second 25 kb region encodes
the T3SS and accessory proteins. These genes have been annotated according to their
function: the secretion system regulators are named ss», components of the secretion system
apparatus are named ssa, secretion system effectors are named sse, and secretion system
chaperones are named ssc (Hensel, 2000). It should be noted that 2 proteins of SPI-2, ssr4
and ssaB, are sometimes called spiR and spiC, respectively. However, the contemporary
literature most frequently refers to them as the former, and so they shall be referred to as
ssrA and ssaB in the remainder of this study. The function of the SPI-2-encoded T3SS and
effectors is to mediate the survival of S. Typhimurium within the intracellular compartment.
SPI-2 secreted effector proteins are translocated into the host cell cytoplasm across the
membrane of the SCV to manipulate host cell function and to allow intracellular survival

and replication (Abrahams et al., 2006).

The SPI-2 T3SS is essential for the systemic phase of infection and intracellular replication
of S. Typhimurium. It is activated within the SCV and translocates a complex set of effector
proteins into the host cell cytoplasm (Kuhle & Hensel, 2004). The requirement of S.
Typhimurium to detect the near neutral pH of the host cytosol for effector translocation to
occur is debated in the literature as some groups argue that only acidification of the bacterial
cytosol is required (Kenney, 2018; Yu et al., 2010; 2018). Regardless, secretion occurs
through a hollow needle-like filament that extends from the bacterial cell surface and a
translocon pore that is formed in the host cell membrane (Figure 1.2). The T3SS is
comprised of SsaRSTUV which form the basal body and span the inner membrane to form
an export gate that is connected to two additional inner membrane proteins, SsaDJ, and an
outer membrane ring, SsaC. SsaV is an essential component of the export gate and interacts

in the cytoplasm with a sorting platform consisting of SsaKOQX and an ATPase SsaN. A
11



cytoplasmic “gatekeeper” complex comprised of SsaBLM is required for translocon protein
secretion and to prevent premature secretion of effectors. After assembly of the secretion
apparatus, subunits of the needle filament SsaG, inner rod protein Ssal and a molecular
“ruler” protein SsaP are secreted. When the filament reaches a defined length, translocon

proteins are secreted (Kuhle & Hensel, 2004; Yu et al., 2018).

Sse

Translocon
Filament

P, Molecular “Ruler”

G, Needle

Periplasm

Inner > Ssa

Membrane

Cytoplasm

Figure 1.2 The SPI-2 type III secretion system.

Schematic drawing of the SPI-2 T3SS representing the secretion state of translocon proteins.
Cytoplasmic sorting platforms are shaded in green, export gates in orange, gatekeepers in
yellow, basal bodies in brown, needles and inner rods in light blue, translocon proteins in

blue, and molecular “ruler” in purple. Adapted from Yu et al., 2018.
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SPI-2 regulation, although studied extensively, is still not completely understood and the
signals for expression under certain conditions have not been elucidated. The indispensable
master regulator of SPI-2, SsrA/SsrB is encoded on the island by two adjacent genes, ssr4
and ssrB (Cirillo et al, 1998). Transcription of ss¥4 and ss¥B occurs from divergent
promoters. The promoter of ss74 lies in an extremely AT rich (69.03%) intergenic region
and includes 2 transcriptional start sites (TSS) where the primary (1°) TSS is located closest
to the ssr4 open reading frame (ORF), and the 2° is located upstream. The ss7B promoter
has one TSS internal to the 3’ end of the ss¥4 ORF (Feng et al., 2003; Kroger et al., 2012;
Ochman et al., 1996). SsrA/SsrB is a two-component system (TCS) where SsrA is the
membrane-bound sensor kinase that phosphorylates the response regulator SsrB upon
detection of an exogenous signal. SsrA is reported to respond to extracellular acidification,
but no other signals have been identified (Fass & Groisman, 2009; Mulder et al., 2015).
Phosphorylated SsrB binds to the promoters and activates the transcription of SPI-2 encoded
virulence gene operons and many effectors found outside of the gene island (Fass &
Groisman, 2009; Worley et al., 2000). SsrB binds to and regulates transcription from its both
its own promoter and of ssrA4. This is particularly unusual because TCSs with proteins
encoded from adjacent genes are typically co-regulated resulting in a polycistronic mRNA
from the same promoter. The use of separate promoters has been hypothesized to allow
differential regulation of the genes according to the growth conditions, indeed in the absence
of SsrA, the unphosphorylated SsrB protein controls expression of genes involved in biofilm
biosynthesis (Desai ef al., 2016). Additionally, differential RNA-seq analysis has revealed
that the ss¥B promoter is 3.5-fold more active than the ssr4 promoter within murine
macrophages (Srikumar et al., 2015). However, others have reported that a single promoter
upstream of ssrA4 can drive transcription of both genes (Bustamante et al., 2008; Fass &

Groisman, 2009).

Many transcription factors (TFs) and NAPs have been established as regulators of SPI-2
genes as either repressors or activators in a complex regulatory network (Figure 1.3). The
NAP H-NS is an important repressor of horizontally acquired genes and is involved in gene
silencing at the ss74B locus in accordance with its role in binding to AT-rich sequences
(Lucchini et al., 2006; Navarre et al., 2006; Walthers et al., 2007). H-NS binding to DNA
leads to the formation of a stiff nucleoprotein filament through oligomerization of H-NS
monomers which silences genes by restricting access of RNA polymerase to promoters (Lim
et al.,2006; Liu et al., 2010; Winardhi et al., 2015). Repression of SPI-2 promoters can also
occur through direct repression by H-NS paralogs Hha and YdgT (Silphaduang et al., 2007).
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H-NS can form repressive complexes on SPI-2 promoters with both YdgT and Hha that
interfere with SsrB binding and transcriptional activation (Ali et al., 2013; Coombes et al.,
2005; Silphaduang et al., 2007). Hha can also repress transcription of SPI-2 genes in an H-
NS-independent manner (Solorzano et al., 2015). Interestingly, YdgT is required for full
virulence in infected macrophages. Coombes et al., postulate that the presence of YdgT
might cause dampening of SPI-2 activation and the intracellular growth rate required for
sustained infection and persistence, whereas the absence of YdgT ultimately leads to
attenuation possibly caused by alterations in intracellular growth and/or fitness (Coombes et
al., 2005). Fur, a central regulator of iron utilization, causes repression of SPI-2 genes via
direct binding of the ss#B promoter in acidic media. Within macrophages, S. Typhimurium
lacking the Fur protein has earlier induction and ultimately higher expression of SPI-2 (Choi
et al., 2014). The Lrp global regulator of metabolism also plays a role in SPI-2 repression.
It binds directly to a consensus motif at the ss74 promoter which results in down-regulation
of SPI-2 genes (Baek et al., 2009). The phosphorelay system RcsCDB plays a dual role in
SPI-2 regulation. Microarray data has shown that the RcsCDB system normally functions as
a positive regulator of SPI-2, although when highly activated, the system completely
represses SPI-2 virulence (Wang et al., 2007). Finally, under invasion-inducing conditions,
the SPI-1 activator HilA was found to repress expression of genes encoding a SPI-2

apparatus protein, ssaH, and a SPI-2 effector protein, sseL (Thijs et al., 2007).

Known signals of SPI-2 induction are acidic pH, limitation of inorganic phosphate (P;), Mg?*
deprivation, high osmolarity, and the presence of antimicrobial peptides. These signals are
thought to mimic the environmental cues found in the SCV (Cirillo et al., 1998; Deiwick et
al., 1999; Lober et al., 2006). Under SPI-2-inducing conditions, SsrB has a dual function in
relieving the H-NS-mediated silencing of ss74 expression, as well as classical transcription
initiation at SPI-2 genes including at the ssaB, sseA4, ssaG and ssaM promoters (Walthers et
al.,2007;2011). After SsrB, OmpR is arguably the most important activator of SPI-2. In the
EnvZ-OmpR TCS, EnvZ is the sensor kinase and OmpR is the response regulator. OmpR
has binding sites at both the ssr4 and ssrB promoters, and directly activates transcription in
response to low pH and osmotic stress (Feng et al., 2003). Furthermore, an ompR mutant
was severely attenuated in vivo (Dorman ef al., 1989) and the acidification of the Sa/monella
cytoplasm in the macrophage vacuole and subsequent SPI-2 T3SS effector secretion was
found to be OmpR dependent (Chakraborty ef al., 2015). Additionally, expression of SPI-2
genes does not occur in an ompR/envZ mutant under SPI-2 inducing condition in vitro (Xu

& Hensel, 2010). Another TCS involved in SPI-2 regulation is PhoQ-PhoP. Low

14



extracellular cation concentrations, such as those detected within the SCV, and low pH have
been reported to activate the sensor kinase PhoQ, which, in turn, activates the response
regulator PhoP (Choi & Groisman, 2016). Experiments have shown that PhoP controls SsrA
post-transcriptionally and directly activates the ss#B gene by binding to its promoter (Bijlsma
& Groisman, 2005). However, in the macrophage and under SPI-2 inducing conditions phoP
mutants still express SPI-2 genes at low levels (Colgan et al., 2016; Fass & Groisman, 2009),
furthermore a phoP mutant was observed to have severely delayed SPI-2 expression in SPI-
2 inducing conditions (Xu & Hensel, 2010), implying that PhoQ-PhoP activation may be
necessary for full expression and correct timing of SPI-2 expression. SlyA is required for
virulence and survival within macrophages so not surprisingly the sly4 gene is highly
expressed during macrophage infection, and absence of the SlyA protein renders
S. Typhimurium extremely susceptible to oxidative stress and antimicrobial peptides
(Buchmeier et al., 1997; Shi et al., 2004). Additionally, in SPI-2 inducing conditions a slyA4
mutant shows a 2- to 3-fold reduction and delay of SPI-2 expression in vitro (Xu & Hensel,
2010). Transcription of sly4 is activated by PhoP (Norte et al., 2003; Stapleton et al., 2002)
which promotes SlyA binding to and directly regulating expression from the ssr4 promoter
(Navarre et al., 2005; Okada et al., 2007). A number of these regulators work together to
remove repressive HNS complexes from the ssr4 promoter. Under inducing conditions,
SlyA and HilD or in nutrient limited conditions only SlyA, displace the H-NS complex
bound to the promoter upstream of ssr4. This allows binding of OmpR that recruits the RNA
polymerase on this promoter, which induces the transcription of ss7AB (Banda ef al., 2019).
HilD also mediates cross-talk between SPI-1 and SPI-2 via counter-silencing of H-NS at the
ssrB promoter (Bustamante et al., 2008; Martinez et al., 2014). Xu & Hensel also observed
that a sirA mutant had reduced SPI-2 expression (Xu & Hensel, 2010). SirA is the response
regulator of the TCS SirA/BarA, which also induces expression of SPI-1 genes. SirA/BarA
induction of SPI-2 gene works through HilD. A global regulatory RNA binding protein,
CsrA post-transcriptionally regulates hilD mRNA; negative regulation of HilD is
counteracted by SirA/BarA, which directly activates the expression of the SRNAs CsrB and
CsrC that sequester CsrA (Martinez et al., 2011).

A number of NAPs are also important for induction of SPI-2 genes. FIS is a global regulator
of gene expression and chromosome structure. FIS binds directly to the promoters of ssr4
and ssaG and overall expression of SPI-2 genes is downregulated in a Afis mutant (Cameron
et al., 2011; Fass & Groisman, 2009; Kelly et al., 2004). Additionally, low level SPI-2

expression activated by OmpR and FIS has been observed prior to epithelial invasion in the
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intestinal lumen, but the signal for induction remains unclear (Brown et al., 2005; Osborne
& Coombes, 2011). HU and IHF are homologous histone-like proteins. Several SPI-2 genes,
including the ssr4B genes, are downregulated in a HU double mutant, similarly loss of IHF

causes a down regulation in all SPI-2 genes (Mangan et al., 2006; Mangan et al., 2011).

1.1.4.3 Salmonella Pathogenicity Islands 3 through 5

Salmonella pathogenicity islands 3 through 5 play a smaller but still important role in
Salmonella pathogenesis. SPI-3 encodes 10 open reading frames organized into 6 operons.
These include the mgtCB operon encoding the macrophage survival protein MgtC and the
Mg?* transporter MgtB. The 5’ leader mRNA of mgtC is also involved in regulation of the
/1B flagellin as previously discussed (Choi et al., 2017; Miranda-CasoLuengo et al., 2017).
SPI-3 also encodes misL and marT, where MisL is a fibronectin binding protein important
for oral colonization of mice and chicks, and MarT is its positive regulator (Blanc-Potard et
al., 2005; Tukel et al., 2007). SPI-4 encodes 6 genes, siiABCDEF, termed the Salmonella
intestinal infection genes which are important for interaction of S. Typhimurium with the
host intestinal mucosa and help facilitate membrane ruffling and entry of polarized epithelial
cells in conjunction with SPI-1 (Gerlach et al., 2008). SPI-4 encodes a 595 kDa non-fimbrial
giant adhesin, SiiE, which is secreted by a type I secretory system encoded by siiC, siiD, and
siiF’ (Barlag & Hensel, 2015). SiiE mediates primary contact with host cells, allowing
positioning of the SPI-1 T3SS to initiate the translocation of SPI-1 effectors (Barlag &
Hensel, 2015). Expression of SPI-4 genes corresponds with that of SPI-1 genes, and the
activators and repressors of SPI-1 are involved in its regulation (Main-Hester et al., 2008).
SPI-5 encodes SPI-1 T3SS secreted effector protein SopB which modulates host cell
exocytosis and its chaperone PipC, and the SPI-2 T3SS secreted effectors PipA and PipB,
thought be important in development of systemic infection and PipD a hypothetical secreted
peptidase (Perrett & Zhou, 2013; Knodler et al., 2002; Marcus et al., 2000; Morgan et al.,
2004).

Overall pathogenicity islands and other horizontally acquired genes are critical for
cultivating a niche for S. Typhimurium in the host. SPI-1, SPI-4 and SPI-5 all play a role in
niche creation as they induce inflammation in the host. That niche can then be colonized
with the help of anaerobic metabolism genes found on SPI-2 and a bacteriophage acquired
effector, SopE which is secreted through the SPI-1 T3SS to make nitrate available for
respiration (Winter et al., 2013). Genes encoded on SPI-2 and SPI-3 are also important for
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intracellular survival (Blanc-Potard et al., 1999; Figueira & Holden, 2012). Finally, SPI-2
optimizes the niche by prolonging intestinal inflammation, and thereby making more

nutrients available for this pathogen (Winter ef al., 2013).
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Table 1.1 Salmonella pathogenicity islands 1 through 5?

Pathogenicity Size Secretion Descrintion
Island (kb) System P

SPI-1 40 T3SS T3SS-dependent invasion of intestinal epithelium
Encodes effector proteins important for actin cytoskeleton rearrangements & membrane
ruffling

SPI-2 40 T3SS Encodes tetrathionate metabolism proteins
T3SS-dependent survival within SCVs of epithelial cells and macrophages
Inhibits fusions between lysosomes and SCVs
Encodes effector & chaperone proteins

SPI-3 17 — Intramacrophage survival and persistence
Oral colonization of mice and chicks
Trans-acting SRNA post-transcriptional repression of FIjB flagellin in macrophages

SPI-4 24 T1SS Salmonella intestinal infection genes mediate adhesion to epithelial cells
siiCDF encode components of a TISS
SiiE, 595 kDa non-fimbrial adhesion protein involved in oral virulence

SPI-5 6.6 — SPI-1 T3SS effector SopB and its chaperone PipC

SPI-2 T3SS effectors PipA and PipB; PipD

*Table adapted/updated from Hurley et al., 2014; Wisner et al., 2012.
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Figure 1.3 Regulation at Salmonella pathogenicity island 2 involves many transcription
factors.

There are many proteins that influence expression of SPI-2 genes. Sensory kinases respond
to environmental factors and in turn activate their response regulators. PhoQ-PhoP, EnvZ-
OmpR, FIS, HU, IHF, SlyA and HilD cause activation and H-NS, Hha, YdgT, Lrp, HilA
and Fur cause repression. The phosphorelay system RcsCDB represses SPI-2 genes when
highly induced, but low induction causes activation. SsrA and SsrB the master regulators of
SPI-2 are encoded upstream of the SPI-2 T3SS, effector and chaperone genes. SsrA is a
sensory kinase and SsrB is a response regulator. SsrB autoregulates at its own promoter and
activates the T3SS, chaperones and effector proteins on SPI-2 by relieving repression by H-
NS and direct activation. HilD and SlyA also activate SPI-2 by relieving repression of H-
NS.

1.2 Metabolism in the gut

1.2.1 Oxygen in the gut

When the concentration of oxygen is lower than the atmospheric concentration (~21%), the
environment is referred to microaerobic or hypoxic. In bacteria, aerobic respiration occurs
at oxygen concentrations above 0.5%, while anaerobic respiration occurs between 0.1 -
0.5%, and fermentation is initiated at concentrations lower than 0.1% (Unden & Bongaerts,
1997). The lumen of the ileum is a fairly anaerobic environment, and any trace amount of
oxygen is readily consumed by facultative anaerobic bacteria, such as members of the
Enterobacteriaceae family, that constitute approximately 0.1% of the microbiota (Eckburg
et al., 2005). The limited availability of oxygen in the lumen limits growth of
Enterobacteriaceae populations as increasing the level of oxygen increases their relative
abundance (Rigottier-Gois, 2013; Winter et al., 2013). For example, under inflammatory
conditions, gut luminal oxygen levels rise partly due to elevated blood flow and hemoglobin
and the increase of oxygen causes a disruption in anaerobiosis which confers a selective
advantage to facultative anaerobes, allowing them to out-compete anaerobes and overgrow
(Rigottier-Gois, 2013; Zeng et al., 2016). The ability to proliferate in the lumen is an
important part of transmission in Salmonella infection (Santos et al., 2009). Salmonella can
survive in anaerobic environments as well by way of anaerobic respiration but will

preferentially choose an aerobic environment when given the choice. Conveniently, within
20



the GI tract in close proximity to the mucosal surface, there is a 70 mm zone of increased
oxygen concentration (Marteyn et al., 2010). This creates a steep oxygen gradient from the
lumen to the intestinal epithelium that is reliant on blood flow and is caused by diffusion of
oxygen from the capillary network at the villi (Figure 1.4) (Marteyn ef al., 2010). Oxygen
concentration also increases substantially from the tips of the villi to the crypts (Zheng et
al., 2015). Oxygen concentrations inside of host tissues also vary dependent on the state of
infection, for example in the murine gut oxygen concentrations decreased from ~11% to 2%
after Salmonella infection (Jennewein et al., 2015). The anti-Salmonella activity of
macrophages is also dependent on available oxygen as antimicrobial molecules such as
phagocyte oxidase and nitric oxide synthase require oxygen molecules, however this leaves
little free dioxygen inside of cells (Vazquez-Torres & Fang, 2001). Furthermore, low oxygen
concentrations found in Sa/monella-infected gut tissue boost Salmonella replication in
macrophages by impairing antimicrobial activity and augmenting Salmonella virulence
(Jennewein et al., 2015). In general the tissues of the gut including intestinal epithelial cells
have a lower oxygen concentration than atmospheric oxygen and are described as
microaerobic or hypoxic (Zheng et al., 2015; Zeitouni et al., 2016). The flagella of
Salmonella play a role in movement from the hypoxic lumen to the intestinal epithelium
through the mucus layer. Chemotaxis towards host derived electron acceptors is described
however, aerotaxis towards the oxygen gradient could also be involved (Marteyn et al.,
2010; 2011; Rivera-Chavez et al., 2013; Stecher et al., 2008). The anaerobic state of the
lumen is due to the high rates of respiration by host and commensal cells. Therefore,
pathogens like Sa/monella must employ an alternative metabolism to survive the hypoxic

environment (Cook et al., 2014).
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Figure 1.4 The oxygen gradient in the gut.

The intestinal lumen is an anaerobic environment (blue) however, there is a zone of relative
oxygenation adjacent to the gastrointestinal tract mucosa (red), caused by diffusion of O>
(arrows) from the capillary network at the tips of villi. Aerotaxis may occur at this site.

Figure adapted from Marteyn et al., 2010.

1.2.2 Anaerobic respiration in the gut

To survive in the lumen, facultative anaerobes such as Salmonella may employ anaerobic
respiration (Rivera-Chavez & Béumler, 2015). Cellular respiration utilizes highly reduced
electron donors such as NADH to establish an electrochemical gradient across a membrane.
In aerobic respiration electrons are shuttled along the electron transport chain (ETC) from
primary dehydrogenases to the terminal respiratory oxidase and the final electron acceptor
oxygen and simultaneously creating a proton gradient across the cytoplasmic membrane
(Ingledew & Poole, 1984). The proton motive force drives protons down the gradient
through the proton channel of ATP synthase, driving ATP synthesis from ADP and inorganic
phosphate (Berg et al., 2002). Simply, anaerobic respiration is respiration using terminal
respiratory reductases and electron acceptors other than oxygen as the final electron acceptor
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in the ETC. In organisms undergoing anaerobic respiration, oxygen is unavailable, therefore
less-oxidizing substances are used as terminal electron acceptors (Neidhart, 1996). These
alternative electron acceptors have smaller redox potentials than O>, meaning that less
energy is released per oxidized molecule. Thus, anaerobic respiration is less efficient than
aerobic respiration (Ingledew & Poole, 1984; Neidhart, 1996). S. Typhimurium have
evolved the capability to use a range of alternative electron acceptors and the expression of
the terminal reductases is regulated by availability of electron acceptors (Bumann, 2009).
As oxygen is the preferred electron acceptor, the presence of O, represses expression of the
terminal reductases of anaerobic respiration. In the absence of oxygen, nitrate (NO3") or
nitrite (NO;") are the preferred terminal electron acceptors (Richardson et al., 2001). The
presence of NO3;/NO: therefore results in repression of other alternative terminal
reductases, followed by the terminal electron acceptors, in order of oxidation/reduction
(redox) potential: dimethyl sulfoxide (DMSO), trimethylamine N-oxide (TMAO), fumarate,
and tetrathionate (Table 1.2). This regulatory pathway favours high ATP yields, resulting in
the most efficient production of energy possible in the given environment (Cook et al.,

2014).
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Table 1.2 Electron acceptors used by Salmonella during anaerobic respiration

Electron Redox Couple Redox Terminal Operon®

acceptor? Potential! respiratory enzyme

Nitrate NO; /NO2~ +430 mV  Nitrate reductase narGHJI
Nitrate reductase narZYWV
Nitrate reductase napFDAGHBC

Nitrite NO2 /NH4" +350 mV  Nitrite reductase nfrABCDEFG
Nitrite reductase nirBDC

DMSO DMSO/DMSP +160 mV ~ DMSO/TMAO dmsABC
reductase

TMAO TMAO/TMA® +130 mV ~ TMAO reductase torCAD

Fumarate fumarate/succinate +33 mV Fumarate reductase ~ frdABCD

Tetrathionate S40¢> / S203%* +24 mV Tetrathionate ttrBCA
reductase

*Electron acceptors are listed in descending order of their redox potential.

°Dimethyl sulfoxide/Dimethyl sulfide

“Trimethylamine N-oxide/Trimethylamine
4Data from Thauer et al., 1977
‘Data from Cook et al., 2014; Hensel et al., 1999; Unden & Bongaerts, 1997
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Terminal reductases are repressed by multiple TFs that regulate according to availability of
terminal electron acceptors with the highest redox potential. Nitrate regulation is controlled
by the TCSs NarXL and NarQP while oxygen regulates by the TCS ArcAB and FNR
(Gilberthorpe & Poole, 2008; Stewart et al., 2003).

ArcAB is the regulator of aerobic metabolism and represses the genes of aerobic metabolism
under anaerobiosis (Unden & Bongaerts, 1997). FNR is the regulator of genes required for
anaerobic metabolism, and it is discussed in detail in Section 1.3. Most of the genes involved
in aerobic and anaerobic metabolism are regulated by more than one of the regulatory
proteins, which act in many different combinations and activate or repress as necessary
(Constantinidou et al., 2006; Myers et al., 2013). FNR and ArcA regulatory proteins play
different roles under microaerobic conditions; FNR functions as an aerobic/anaerobic switch
in the range of 0 to 10% air saturation, while ArcA exerts control in the 10 to 20% oxygen
range. These two transcriptional regulators coordinate the hierarchial control of respiratory
pathway gene expression to ensure the optimal use of oxygen in the cell environment (Tseng
et al., 1996) and in response to the availability of electron acceptors (Unden & Bongaerts,
1997). ArcA serves as a transcriptional regulator coordinating aerobic cellular metabolism,
flagella biosynthesis, and motility in S. Typhimurium. Moreover, ArcA and FNR share
regulation of at least 120 genes (Evans et al., 2011). Recently the ArcA response regulator
was found to promote intracellular survival in macrophages and neutrophils by promoting
resistance to ROS, enabling S. Typhimurium to successfully establish a systemic infection

(Pardo-Esté et al., 2018).

To outgrow the resident microbiota of the gut, Sa/monella must defend against host defenses
and find nutrients. S. Typhimurium use virulence factors to induce intestinal inflammation
(Section 1.1.2), which releases specific nutrients not usable by the microbiota (Thiennimitr
et al., 2012). One way in which S. Typhimurium can take advantage of host defenses by
converting nitric oxide (NO) to NO3™ inside macrophages. This results in a two-pronged
advantage to the pathogen, as it eliminates toxic NO and provides S. Typhimurium with a
favourable terminal electron acceptor for anaerobic respiration (Mills et al., 2008). Host
production of ROS and RNS creates a hostile environment in close proximity to the mucosal
surface, but as these molecules diffuse towards the gut lumen they contact and oxidize
organic sulfides, such as methionine, or tertiary amines, such as trimethylamine, to form S-
oxides (DMSO) and N-oxides (TMAO), respectively. DMSO and TMAO can then be used

by S. Typhimurium as terminal electron acceptors which are reduced by terminal reductases
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encoded by dmsABC and torCAD (Winter et al., 2010; Winter et al., 2013). Additionally,
when Salmonella-induced enteritis causes diarrhea to flush the intestines, epithelial cells
shed into the lumen and become a source of membrane lipids. These lipids include
phosphatidylcholine and sphingomyelin from which choline can be derived. Degradation of
choline to TMA plus oxidation by ROS leads to further availability of TMAO (Winter et al.,
2013). Similar to the genes encoding specific virulence factors, horizontal acquisition of
genes encoding metabolic functions are advantageous for surviving in the host. The genes
encoding tetrathionate reductase, #rCBA and their regulating TCS TtrSR, are found on SPI-
2. Tetrathionate is generated when inflammation derived ROS react with endogenous
thiosulphate. In contrast to the gut microbiota, Salmonella can use tetrathionate as a
respiratory electron acceptor providing a unique advantage to the pathogen allowing for
anaerobic respiration. As anaerobic respiration is more energy efficient than fermentation,

Salmonella outcompetes strains of the microbiota in the inflamed gut (Winter et al., 2010).

1.3 Regulation of the aerobic to anaerobic switch

1.3.1 FNR

Facultative anaerobic bacteria prefer an oxygenated environment however, when oxygen
concentrations decrease they can reprogram their gene expression to facilitate anaerobic
metabolism. That switch is regulated by an oxygen-sensing transcription factor called FNR,
named for a mutant defective in "fumarate and nitrate reduction" (Lambden & Guest, 1976).
FNR operates the master switch between aerobic and anaerobic metabolism by ensuring that
oxygen is used in preference to alternative electron acceptors (Guest et al., 1996). When E.
coli moves from an aerobic to anaerobic environment, a third of its genes undergo
transcriptional change. FNR is responsible for the regulation of half of those either directly
or indirectly (Salmon et al, 2003). FNR facilitates adaptation to anoxia by providing
alternative pathways for energy generation and is a well-studied global transcriptional
regulator in enteric bacteria (Constantinidou et al., 2006; Fink et al., 2007; Myers et al.,
2013; Wang et al., 2019). FNR is a homologous protein to the cAMP receptor protein (CRP)
(Shaw et al., 1983), and belongs to the CRP-FNR superfamily of transcriptional regulators
(Korner et al., 2003). These proteins have an N-terminal sensory domain, a dimerization
motif, and a C-terminal helix-turn-helix DNA-binding domain (Korner et al., 2003). FNR
primarily works as an activator of anaerobic metabolism genes during oxygen deprivation,
however it is known to repress at a limited number of promoters (Green & Marshall, 1999).
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1.3.2 Regulation of FNR

Expression of the fir gene occurs under both aerobic and anaerobic conditions, and negative
autoregulation and repression by glucose occurs during anaerobiosis (Mettert & Kiley,
2007a; Spiro & Guest, 1987). The concentration of FNR protein stays relatively constant
regardless of the presence or absence of oxygen (Sutton ef al., 2004). When oxygen
concentrations are as low as 0 to 5 mbar (0-0.5%) the FNR protein is active, with DNA
binding capabilities (Jervis et al., 2009; Sawers, 1999) (Figure 1.5A). Under oxygen
limiting conditions, FNR binds an [4Fe-4S] cluster to four cysteine residues in the sensory
domain (Green & Guest, 1993). FNR bound by [4Fe-4S] undergoes a conformational change
allowing dimerization. In the presence of adequate oxygen concentrations, the [4Fe-4S]
cluster is oxidized, and FNR becomes an inactive monomer (Beinert & Kiley, 1999; Green
et al., 2014) (Figure 1.5B). Importantly, FNR is highly functional over a small range of
oxygen concentrations with approximately 95% activity at 0.3 uM Oz and 50% activity at 6
uM Oa. Surprisingly, an FNR-dependent reporter gene suggests that a chromosomally
encoded FNR is 2.5% active under fully aerobic conditions (Jervis et al., 2009). The
functional state of FNR during the switch from aerobic to anaerobic environments is not
regulated by iron content as only severely Fe?" limiting conditions has any effect on FNR

dependent gene expression (Niehaus et al., 1991).
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Figure 1.5 FNR activity is directly regulated by oxygen.

A. The fnr gene is transcribed, then translated. Cellular concentration of FNR is similar under
both anaerobic and aerobic growth, but its activity is regulated directly by oxygen. Under
anaerobiosis, the FNR monomer (red oval) acquires a [4Fe-4S] cluster (yellow circles) that
causes a conformational change and dimerization of the protein, and it autoregulates at its
own promoter. B. Under anaerobic conditions the active FNR dimer can bind to DNA
causing activation and repression of many genes, however when oxygen is introduced the

dimer dissociates and is no longer able to bind DNA.

1.3.3 Mechanisms of transcriptional regulation by FNR

During anaerobiosis the active FNR homodimer can bind to DNA to regulate transcription
either by activation or repression. The active FNR homodimer preferably binds a specific 14
bp palindromic sequence of DNA with the consensus sequence TTGATN | N>N3NsATCAA
(Eiglmeier et al., 1989; Gerasimova et al., 2001). Interestingly, it has been shown
experimentally that FNR can recognize a consensus CRP-binding site in vivo (Sawers et al.,

1997).
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1.3.3.1 FNR-dependent activation

For activation to occur, FNR interacts directly with RNA polymerase (RNAP) in two ways
depending on the architecture of the promoter (Blake et al., 2002). FNR activates the
transcription from class I and class II promoters. In class I promoters N2 and in class II
promoters N3 of the consensus FNR site tend to be an A or T (Scott e al., 2003). At class I
promoters, FNR binds to a site centered at -61.5 or further upstream (-71, -82, or -92), then
the activating region 1 (AR1) of the downstream subunit of the FNR homodimer directly
contacts C-terminal domain of the alpha subunit (aCTD) of RNAP (Figure 1.6A) (Blake et
al., 2002; Wing et al., 1995). At class II promoters, multiple interactions with RNAP are
possible as FNR binds to a site centered at or near -41.5, causing the homodimer to be
embedded in the polymerase. Here the aCTD makes contact with the AR1 surface of the
upstream subunit of the FNR. The AR3 surface of the downstream subunit of FNR contacts
070 and AR2 makes contact to the N-terminal domain of the alpha subunit (aNTD), the same
interaction that CRP uses with RNAP (Figure 1.6B) (Blake et al., 2002). These direct

interactions allow proper positioning of the RNAP for transcription initiation.

It has also been suggested that at some promoters FNR acts as a co-activator with other
transcription factors such as CRP, NarP and NarL. A number of promoters have distinct
FNR and CRP binding sites and are only activated when the conditions of both TFs are met,
i.e. under anaerobiosis without glucose (Myers et al., 2013). NarP and NarL are response
regulators that respond to the presence of NOs3™ and/or NO>. The operon encoding
periplasmic nitrate reductase, napFDAGHBC, is maximally expressed only in response to
anaerobiosis and nitrate or nitrite and thus, co-activated by FNR and NarP and/or NarL
(Myers et al., 2013; Stewart et al., 2009). Co-activation by two TFs is important for precise

control of genes under specific conditions.
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Figure 1.6 Activation of simple class I and class I FNR-dependent promoters. A. At
class I promoters, FNR binds to a site centered at —61.5 or further upstream. AR1 of the
downstream subunit of the FNR dimer contacts aCTD of RNAP (m). B. At class II
promoters, FNR binds to a site centered at or near —41.5 and is thus embedded within RNAP.
The ARI surface of the upstream subunit of the FNR dimer contacts aCTD (m), the AR3

surface of the downstream subunit of FNR contacts ¢’ (A), and the AR2 surface makes

contact with aNTD (). Figure taken from Blake et al., 2002.

1.3.3.2 FNR-dependent repression

FNR-dependent repression can be complex and is not fully understood. Because FNR
autoregulates at the fir gene, and has 2 FNR binding sites, one centered on the finr TSS
(+1.5) and one centered farther upstream centered at -103.5, it is an ideal candidate to
examine for a repressive mechanism. Early experiments suggested both FNR binding sites
needed to be present for repression of fir under anaerobic conditions (Spiro & Guest, 1987)
however, later in vitro experiments suggest the downstream binding site alone is sufficient
for repression (Mettert & Kiley, 2007b). This suggests that promoter occlusion may be one
way in which FNR can cause repression. However, repression by FNR at the cydAB
(Cytochrome d terminal oxidase) promoter requires binding at both FNR binding sites, one
site at the TSS and a second at -53.5 (Cotter et al., 1997). Bernard et al. investigated
repression by FNR by adding FNR consensus sites to several regions upstream of a semi-
synthetic class II promoter based on that of me/R. Binding of FNR at the -41.5 site activates

expression of the promoter, however when an additional consensus site was added -85 and
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-95 bp upstream, a sharp repression was observed. Similarly, a class I promoter with a
binding site at -61.5 showed strong repression by FNR when a consensus site was placed at
-100.5, indicating that upstream binding sites play an important role in FNR repression at
some sites and that FNR can cause repression when bound in tandem spaced 44 or 53 bp
apart (Barnard et al., 2004). Indeed, repression of the gene encoding respiratory NADH
dehydrogenase, ndh requires two FNR binding sites, found centered at -50.5 and -94.5 but
not at the TSS. Both of binding sites appear to be required for full repression, and in a DNase
footprinting assay both FNR and RNAP were able to bind simultaneously, suggesting
promoter occlusion is not the mechanism for repression. Instead, FNR may jam the
progression of RNAP by forming a complex and may disrupt productive RNAP interactions
with other regulators (Meng et al., 1997). Importantly, Williams et al. have shown that
introducing a semi-synthetic FNR binding site to the -35 region of a promoter can simply
block progress of RNAP, suggesting that a single FNR binding site is capable of causing
efficient repression (Williams et al., 1998). Finally, it seems that the full 14 bp palindromic
binding does not need to be present for FNR binding; Several promoters only have half of
the palindromic sequence at their promoters. For example, the glutamyl-tRNA reductase
gene hemA is modestly repressed by FNR and has only a TTGAT site around -30. This half-
site was protected by FNR in a DNase footprinting assay, thus suggesting that FNR can
repress when only a half-site is present (Melville & Gunsalus, 1996). Additional
transcriptional repression by FNR with only a half-site includes the promoters of moeAB,
nrdAB and sodA (Constantinidou et al., 2006). In summary, it appears FNR can cause
repression in a multitude of ways including promoter occlusion by binding at the TSS, by
blocking RNAP access by binding near the RBS, with interactions between tandem-bound
FNR molecules, by jamming RNAP by forming inactive complexes and by disrupting

productive RNAP interactions with other regulators.

1.3.4 The FNR regulon

The FNR regulon has previously been examined by microarray analysis in non-pathogenic
E. coli (Constantinidou et al., 2006; Grainger et al., 2007; Kang et al., 2005; Salmon et al.,
2003) and S. Typhimurium (Fink ef al., 2007) and more recently by RNA-seq in Shigella
flexneri and Enterotoxigenic E. coli (ETEC) (Crofts et al., 2018; Vergara-Irigaray et al.,
2014), and proteomic analysis in S. Typhimurium (Wang ef al., 2019). These studies find
that FNR is a regulator either directly or indirectly of approximately 50% of genes that

undergo transcriptional change during the switch between aerobic and anaerobic
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metabolism. FNR directly regulates a subset of genes while others are affected through FNR
regulation of TFs (Myers et al., 2013). Also, many genes originally thought to be directly
regulated by FNR but lacked FNR binding have been found to be regulated post-
transcriptionally through the FNR-dependent SRNA FnrS (Durand & Storz, 2010).

Regulation of Salmonella gene expression is often similar to E. coli, and findings from a
study of the S. Typhimurium FNR regulon were consistent with findings from E. coli. FNR
regulates of genes involved in aerobic metabolism, NOe< detoxification, flagellar
biosynthesis, motility, chemotaxis, and anaerobic carbon utilization under anaerobic growth
found in both species. However, some genes and operons found in both species were found
only to be regulated by FNR in S. Typhimurium include those coding for ethanolamine
utilization, a universal stress protein, a ferritin-like protein, and a phosphotransacetylase.
Salmonella-specific genes and operons regulated by FNR were all found to be activated by
FNR and were of virulence and motility genes not found in E. coli including numerous SPI-
1 encoded genes, flagellar genes mcpAC, cheV, and the virulence/motility operon srfABC
(Fink et al., 2007). Stecher et al. described the role of the Sa/monella flagella in moving
towards the intestinal epithelium through the mucus layer in response to readily available
metabolites (Stecher et al., 2008). However, Marteyn et al. suggest aerotaxis towards the
oxygen gradient of the gut epithelium may also occur, and upregulation of motility and
chemotaxis genes under anaerobic conditions fits with this model (Fink ez al., 2007; Marteyn
et al., 2011). Furthermore, the role of FNR as a positive regulator of motility and flagellar
biosynthesis was confirmed by showing that Afnr is nonmotile and lacks flagella (Fink et

al., 2007).

FNR is essential to the enteritis model of infection, plays a weak role in typhoid fever and
fnr mutants are attenuated in calf and chicken infections (Chaudhuri et al., 2013;
Rollenhagen & Bumann, 2006). The anaerobic regulator has been identified as an important
regulator of virulence of other pathogens such as Neisseria meningitides (Bartolini et al.,
2006), ETEC (Crofts et al., 2018), Shigella flexneri (Marteyn et al., 2010), and in
Pseudomonas aeruginosa by an FNR orthologue (Filiatrault et al., 2006). Deletion of fur in
ETEC caused a significant increase in expression of all classical virulence factors, including
an adhesin operon and enterotoxins, indicating FNR represses these genes under anaerobic
conditions (Crofts et al, 2018). Similarly, Shigella flexneri undergoes FNR-mediated
priming for invasion by expressing extended T3SS needles while reducing effector secretion

anaerobically through FNR repression of virulence gene regulators (Marteyn et al., 2010).
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Both groups describe a model where virulence gene expression is coordinated with pathogen
proximity to the epithelium. In Sa/monella, FNR has been shown to be positive regulator of
pathogenesis. An Afnr mutant showed a decrease in expression of invasion genes, indicating
that FNR can activate the SPI-1 genes prgKJIH, iagB, sicA, spaPO, and invJICBAEGF and
the srfABC virulence genes under anaerobiosis. Interestingly, the Afinr mutant was attenuated
in mice and could not survive in macrophages, although no differentially regulated SPI-2

genes were identified (Fink ez al., 2007).

1.4 Aims of the Study

The aim of this study is to determine the regulatory role of FNR in the expression Salmonella

Pathogenicity Island 2 in S. Typhimurium.

There is increasing evidence that changes in environmental oxygen play a critical role in the
timing and deployment of bacterial virulence factors, and that regulators of metabolism
control the expression of genes imperative for causing infection and disease. Oxygen levels
have already been shown to be important for interactions between Salmonella and host cells.
S. Typhimurium grown in microaerobic environments have increased adhesive and invasive
capacity compared to their aerobically grown counterparts (Lee & Falkow, 1990).
Additionally, anaerobically grown S. Typhimurium had increased binding to murine
enterocytes and intestinal mucus, and increased survival in macrophages (Singh et al., 2000).
FNR, the regulator of anaerobic metabolism that responds directly to oxygen concentration,
has been established as an activator of genes involved in host-cell invasion such as
components of the T3SS and chaperones encoded on SPI-1 (Fink et al., 2007). Furthermore,
FNR is required for full virulence in the murine model, and a mutant lacking this
transcription factor is rapidly killed by macrophages (Fink et al., 2007). The SPI-2 T3SS
and an intact SCV are required for evasion of ROS in macrophages (van der Heijden et al.,
2015), and FNR helps to promote resistance against oxidative stress although the mechanism
has not been described. Importantly, low-level invasion-independent transcriptional activity
of the SPI-2 T3SS in the lumen of the gut was observed in an oral mouse model (Osborne &
Coombes, 2011). Thus, FNR regulation of SPI-2 is heavily implied. Moreover, the influence
of an oxygen gradient at the point of S. Typhimurium infection has not been considered. The
effect of oxygen on invasion in S. Typhimurium and therefore on regulation of SPI-1 has

been investigated, however SPI-2 expression and oxygen have not been linked.
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Activity of FNR as a transcriptional regulator directly corresponds to the absence of oxygen,
and during infection Sal/monella encounters a steep oxygen gradient from the anaerobic
lumen to a zone of relative oxygenation at the epithelial border, therefore molecular oxygen
can be considered a major signal for virulence factors. We propose that direct repression of
SPI-2 by FNR occurs in anaerobic and microaerobic environments, and that upon detection
of increased oxygen, like at the host epithelial border, repression is lifted. Expression of SPI-
2 prior to epithelial invasion could prime cells for the challenges of the intracellular
environment. FNR regulation of virulence factors, especially those found within the SPIs is
important as it shows the capacity of regulators of metabolism located on the core genome

to evolve to regulate horizontally acquired pathogenicity genes.

The major aim of this study is to determine the regulatory role of FNR in the expression SPI-
2 in S. Typhimurium. More specifically, we aim to determine the mechanism of SPI-2
repression by FNR, and the input for the repression. Additionally, we intend to confirm that
FNR, as a regulator of anaerobic metabolism, can control SPI-2 genes in response to oxygen

and alternative electron acceptors.
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Chapter 2
Material & Methods
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2.1 Chemicals and Reagents

Unless otherwise stated, all chemicals and reagents were purchased from Acros Organics,
Agilent, Ambion, Applied Biosystems, Bioline, Fisher Scientific, [llumina, Invitrogen, New

England Biolabs, Promega, Roche, Sigma-Aldrich, and Thermo Scientific.

2.2 General Microbiological Techniques

2.2.1 Media

Media recipes are shown in Table 2.1. All media were made using analytical grade,
deionised water (Analar, BDH). Media were sterilized by autoclaving or filtration using 0.2
pm polyethersulfone (PES) membrane filters (Fisher Scientific). To prepare agar plates,
Lennox agar (LA) was melted at 95°C, then cooled to 50°C before addition of appropriate

antibiotics prior to pouring. Agar plates were stored at 4°C prior to use.

2.2.2 Maintenance of Bacterial Stocks

All strains and plasmids used in this study are listed in Tables 2.2 and 2.3 respectively.
Bacterial strains were prepared for long term storage by combination of overnight cultures
in Lennox broth (LB, Table 2.1) in 30% (v/v) sterile glycerol and frozen at -80°C. When
required, strains were streaked for single colonies onto LA plates with the appropriate
antibiotics and grown at 30°C or 37°C. Plates were stored at 4°C and kept for a maximum of

1 week.

2.2.3 Culture Conditions

2.2.3.1 Growth in Lennox Broth

Bacterial strains were routinely grown on LA plates and incubated at 37°C. Bacterial cultures
were routinely grown from single colonies in 5 mL of LB in glass test tubes at 37°C in an
Innova 40 air-incubator (New Brunswick Scientific) at 200 rpm for 16 h (overnight). For
further growth in LB, bacterial cultures were sub-inoculated 1:1000 in 25 mL of LB in a 250

mL Erlenmeyer flask with appropriate antibiotics and grown without agitation or with
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agitation at 200 rpm at 37°C in an Innova 3100 water-bath shaker (New Brunswick

Scientific).

2.2.3.2 Growth in Minimal Media

For growth in minimal media (MMA or PCN, Table 2.1), overnight cultures were grown as
previously described. One mL of culture was harvested by centrifugation at 6,500 x g,
washed 3 times in minimal media by centrifugation at 6,500 x g, and sub-inoculated 1:500
in 25 mL of minimal media in a 250 mL Erlenmeyer flask with appropriate antibiotics, and
grown without agitation or with agitation at 200 rpm (Figure 2.1) at 37°C in an Innova 3100

water-bath shaker (New Brunswick Scientific).

Microaerobic Aerobic

0 rpm Q 200 rpm

Figure 2.1 Experimental set-up for aerobic and microaerobic growth.

Cultures were grown in 25 mL of media in 250 mL and left static (0 rpm) for microaerobic
growth and agitated at 200 rpm for aerobic growth. Under the “microaerobic” condition,
bacteria in the initial inoculum quickly deplete the medium of oxygen below the surface,

and further oxygen diffusion is limited as the flasks are not aerated.
2.2.4 Monitoring Bacterial Growth

Growth of bacterial cultures was monitored by measuring optical density at a wavelength of
600 nm (ODsoo) with a Biomate 3S spectrophotometer (Thermo Scientific). Cultures with
an ODegoo of greater than approximately 0.5 were first diluted 10-fold in the appropriate
medium before taking a measurement. To calculate viable cell counts, overnight cultures
were serially diluted 10-fold in sterile PBS and plated on LA. Cell numbers were calculated

as colony forming units per mL (CFU/mL).
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2.2.5 Antibiotics

Antibiotic stocks were made at 1000 x concentration and stored in aliquots at -20°C. Stocks
were made in dH>O and filter sterilized with 0.2 pm PES membrane filters (Fisher
Scientific), or in 70% ethanol. The following antibiotics were used in this study; Kanamycin
(Kan, 50 pg/mL, dH20), ampicillin (Amp, 150 pg/mL, dH>0), and chloramphenicol (Cm,
35 pg/mL, EtOH).

2.2.6 Motility Assays

Swimming motility assays were performed to measure the swimming capacity of bacterial
strains under aerobic and anaerobic conditions. Swimming motility assays were performed
by stab inoculation with 1 pL of 1 OD unit bacterial culture into swimming agar (Table 2.1)
and incubated for 6 h at 37°C in an anaerobic jar with an Oxoid™ AnaeroGen™ 2.5 L Sachet
(Thermo Scientific) to remove O> for anaerobic assays. Plates for anaerobic assays were left
in anaerobic jars with an anaerobic gas sachet overnight prior to inoculation to remove any
oxygen from the media. Diameter of swim colonies were measured with a ruler, and plates

were photographed.

2.2.7 Growth curves and kinetic gene expression assay

2.2.7.1 Microaerobic and aerobic growth curves

Growth curves were used to measure growth rate of bacterial strains. Bacterial cultures for
growth curves were inoculated as previously described (Section 2.2.3) in LB or minimal
media as appropriate. Absorbance measurements (ODegoo) were taken every 1 — 2 h
depending on the growth rate of the culture with a Biomate 3S spectrophotometer (Thermo
Scientific). Best-fit growth rate and lag time of each strain was determined using

GrowthRates (Hall et al., 2014).

2.2.7.2 Anaerobic growth curves

Anaerobic growth curves were performed by Daniel Ryan at The Helmholtz Institute for
RNA-based Infection Research, Wiirzurg, Germany. Overnight cultures were grown as

previously described (Section 2.2.3) and subcultured anaerobically with a 1:100 dilution into
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LB media which had been kept in a Coy Anaerobic chamber with a gas mix containing 10%
Haz, 5% CO2 and 85% N2 overnight. Bacterial cultures were grown and absorbance was
measured every 20 min in a Synergy HT Microplate reader (Biotek) in the anaerobic

chamber.

2.2.7.3 Kinetic gene expression

Gene expression was measured across growth or at ODgoo of 0.3 to determine expression of
ssaG, ssrA, ssrB, ssaB, and ydgT at different growth phases in different media. Bacteria
transformed with plasmids with transcriptional promoter fusions to /uxCDABE (Table 2.3)
were inoculated as previously described (Section 2.2.3) in LB or minimal media as
appropriate. Absorbance measurements (ODsoo) were taken every 1 — 2 h depending on the
growth rate of the culture using a Biomate 3S spectrophotometer (Thermo Scientific). At the
same time points, 200 pL of culture was used to measure luminescence in white-walled 96-
well plates (Sarstedt) in a Synergy HT Microplate reader (Biotek). All luminescence values

were normalized to the corresponding optical density (at 600 nm) of the culture.

2.2.8 Oxygen gradient gene expression assay

Oxygen gradient gene expression assays were used to assess the repression of SPI-2 by FNR
at various oxygen concentrations. Oxygen gradient gene expression assays were carried out
by mixing 2 mL liquid MMA soft agar (Table 2.1), cooled to 50°C, with 200 puL of overnight
culture in small glass test tubes. The tubes were left to solidify at room temperature, and
subsequently incubated at 37°C for 72 h. Within the test tube there is O» above the agar and
at the surface, O, concentration decreases down through the agar. GFP expression was
detected via a blue epi-illuminator (460 nm) using the ImageQuant LAS4000 (GE). Photos
of the tubes were also taken in natural light to observe regions of turbidity indicating growth

of each of the strains.

2.2.9 Relative Fitness Assay

Relative fitness assays were used to determine if bacterial strains with genotypic alterations
such as deleted genes, would incur a fitness advantage or disadvantage in mixed populations.
Strains used in these assays were used as their original versions or were transduced with the

ASL1483::cat mutation as a selective marker. Strains were competed against themselves
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with the selective marker to assess that there was no phenotypic disadvantage to addition of
the marker. Cultures were prepared as previously described for sub-culture into minimal
media, and flasks were inoculated with 107 cells of each strain. Inoculums were plated at 0
h and after 24 h of co-culture. CFU/mL of co-cultures was determined using the exclusion
method. Briefly, co-cultures were diluted appropriately onto LA plates and LA plates
containing Cm (25 pg/mL) to assess total number of colonies, and number of Cm resistant
colonies. Subtraction of Cm resistant CFU from total CFU gives the number of Cm
susceptible CFU. The relative fitness was determined by calculating the competitive index

(C.L) by the following formula:

Where C.I. is competitive fitness, 4 and B are the population sizes of the two competitors in
CFU/mL, and subscripts i and findicate the initial and final time points in the assay, 0 h and
24 h respectively. The natural logarithm, In, reflects population growth (Wiser & Lenski,
2015). Relative fitness assays were performed by Stefani Kary and Naoise McGarry at
Trinity College Dublin, Dublin, Ireland, and data analysis completed by Stefani Kary.
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Table 2.1 Media recipes

Medium Reagent Concentration  Reference
Lennox Broth (LB) Bacto-Tryptone 10 g/L (Lennox, 1955)
NaCl 5¢g/L
Bacto-Yeast extract 5¢g/L
Lennox Agar (LA) Lennox broth (Lennox, 1955)

Swimming Agar

Minimal
(MMA)ab

Medium A

MMA Soft Agar

PCN

(SPI-2-inducing,

InSPI2)

Bacto-Agar

Lennox broth
Bacto-Agar

K>HPO4

KH>PO4

(NH4)2504

Sodium citrate dihydrate
MgSO4

Glycerol

Fumarate

TMAO

MMA
Bacto-Agar

MES (pH 5.8)
Tricine

FeCls

K>SOy

NaCl

K>HPO4/KH2PO4 (pH 5.8)

Glucose
NH4CI
MgSO4
CaClz
NasMoOg4
NaxSeOs
H;BO;
CoCly
CuSOq4
MnClz
ZnSOg4

1.5% (w/v)

0.3% (w/v)

60 mM

33 mM

7 mM

1.7 mM

1 mM
0.4% (v/v)
40 mM

20 mM

1% (W/v)

80 mM
4 mM
100 uM
376 um
50 mM
0.4 mM
0.4 % (w/v)
15 mM

1 mM
0.01 mM
10 nM
10 nM

4 nM
300 nM
100 nM
800 nM
1 nM

(Constantinidou

et al., 2006)

(Lober et
2006)

al.,

“variations of this medium without fumarate and/or TMAO were used in some experiments, unless

otherwise stated MMA refers to the medium containing both fumarate and TMAO.

Pvariations of this medium with different concentrations of K;HPO4 and KH,PO, and pH were used

for some experiments, unless otherwise stated MMA refers to the medium with the above recipe and

pH of ~7.4.
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Table 2.1 Media recipes (continued)

Medium Reagent Concentration  Reference
PCN PCN w/o MES & KoHPO4/KH2PO4 (Lober et al.,
(SPI-2-Non- MOPS (pH 7.4) 80 mM 2006)
inducing, K>2HPO4+/KH>PO4 (pH 7.4) 25 mM
NonSPI2)
Green Agar Bacto-Tryptone 8 g/LL (Smith &
NaCl 5¢g/L Levine, 1967)
Bacto-Yeast extract 1g/L
Alizarin yellow 0.625 g/
Aniline blue 0.006% (w/v)

Super Optimal
Broth (SOB)

SOB with
Catabolite

Repression
(SOC)

Glucose
Bacto-Agar

Bacto-Tryptone
NaCl

Bacto-Yeast extract
KCI

MgCl»

MgSO4

SOB
Glucose

0.8% (w/v)
1.5% (w/v)

20 g/L
5¢g/L
5¢g/L
2.5 mM
10 mM
10 mM

20 mM

(Hanahan,
1983)

(Hanahan,
1983)
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Strain Name Relevant Genotype Resistance  Original Source/Reference

S.  Typhimurium ASL1483::cat CmR® C. Kroger

4/74 Afnr::FRT ASL1483::cat CmR® OS: C. Kroger, transduction: This Study
AssrAB::FRT ASL1483::cat CmR OS: C. Kroger, transduction: This Study
Afnr::FRT AssrAB::FRT ASL1483::cat CmR® OS: C. Kroger, transduction: This Study
®(ssaG “gfp")1, cat CmR Jay Hinton, JH3009
Afnr::kan ®(ssaG ~gfp*)1, cat Kan®, CmR®  OS: Jay Hinton, JH3009, C. Kroger
AssrAB::kan ®(ssaG “gfp™)1, cat Kan®, Cm®  OS: Jay Hinton, JH3009, C. Kroger

E. coli TOP10 F~ mcrd A(mrr-hsdRMS-mcrBC) (980lacZAM15 AlacX74  Str® Invitrogen

nupG recAl araD139 A(ara-leu)7697 galE15 galK16
rpsL(Str®) endA1 A~

E. coli DH5a. F~ endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG
purB20 ¢80dlacZAM15 A(lacZYA-argF)U169, hsdR17(rg
N\EAJv A

E. coli DH50pir®  endAl hsdR17 ginV44 (=supE44) thi-1 recAl gyrA96 relA1
080dlacA(lacZ)M15 A(lacZYA-argF)U169 zdg-232::Tnl0

uidA::pir*
E. coli BL21(DE3) fhuAd?2 [lon] ompT gal (A DE3) [dcm] AhsdS A DE3 = A
(PK22) sBamHIo AEcoRI-B int::(lacl::PlacUV5::T7 genel) i2l
Anin5 AfnrAcrp

Charles Dorman

Jorg Vogel

(Shan et al., 2012b)

OS: Original Strain
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Table 2.3 Plasmids used in this study (continued).

Plasmid Name

Description

Resistance

Reference

pCS26-CmR-luxCDABE-Pacl-Pgg41°
pCS26-Cm®-luxCDABE-Pacl-Pys4
pCS26-CmR-luxCDABE-Pacl-Pyy 5
pCS26-Cm®-luxCDABE-Pacl-Pyz
pCS26-Cm®-luxCDABE-Pacl-dbpA

Pss41° cloned into pCS26-CmR-/uxCDABE-Pacl
P54 cloned into pCS26-CmR-luxCDABE-Pacl
Pss5 cloned into pCS26-CmR-luxCDABE-Pacl
Pssas cloned into pCS26-CmR-luxCDABE-Pacl
dbpA cloned into pCS26-CmR-luxCDABE-Pacl

CmR
CmR
CmR
CmR
CmR

This Study
This Study
This Study
This Study
This Study
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2.3 General molecular techniques

2.3.1 Isolation of chromosomal S. Typhimurium 4/74 DNA for use in PCR

Overnight cultures were prepared as previously described (Section 2.2.3). 400 pL of the
culture was harvested by centrifugation at 8,000 x g for 1 minute at room temperature. The
cell pellet was resuspended in 200 pL of sterile nuclease free H>O and boiled at 100°C for 5
min, and subsequently vortexed for 30 s to ensure complete lysis. Cell debris was pelleted
by centrifugation at 8,000 x g for 5 min, and supernatants were added to 1 volume
chloroform and vortexed for 30 s. Organic and aqueous phases of the solution were separated
by centrifugation at 8,000 x g for 10 min at 4°C. 75% of the aqueous layer was transferred
to anew 1.5 mL tube to eliminate chloroform contamination. DNA contained in the aqueous
phase was measured with the NanoDrop ND-1000 Spectrophotometer (Thermo Scientific)

and the concentration was adjusted to 100 ng/mL.

2.3.2 Isolation of plasmid DNA

Plasmid DNA was extracted and purified using the GeneJet Plasmid Miniprep Kit (Thermo
Scientific) according to the manufacturers’ instructions except plasmids were eluted into
dH>O. For extremely low copy plasmids, such as pCS26 derivatives, up to 50 mL of culture

was harvested and multiple minipreps were combined into 50 pL of dH>O.

2.3.3 Polymerase chain reaction (PCR)

PCR amplifications were carried out in a SimpliAmp Thermal Cycler (Applied Biosystems,
Thermo Scientific). Routine PCR and colony screening were carried out using Taq
polymerase (New England Biolabs) according to the manufacturers’ specifications. Q5
polymerase (New England Biolabs) was used for applications requiring high fidelity
amplification and RANGER Mix (Bioline) was used for products larger than 10 kbp
according to the manufacturers’ specifications. As a template for PCR, 100 ng chromosomal

DNA, 1-10 ng of plasmid DNA, or single colony resuspended in 200 pL of H>O was used.
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2.3.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used for size separation of DNA and RNA molecules. DNA
samples were mixed with DNA loading dye (40% (v/v) glycerol, 60 mM EDTA, 10 mM
Tris-HCI pH 7.6, 0.25% (w/v) bromophenol blue pH 8.0, 0.25% (w/v) xylene cyanol FF,
0.25% (w/v) orange G) to a final concentration of 1 x DNA loading dye and routinely
electrophoresed in a 1% to 2.5% (w/v) agarose gel in 1 x Tris Acetate
Ethylenediaminetetraacetic acid (TAE) buffer at 90 V. RNA samples were mixed with RNA
loading dye (0.025% (w/v) xylene cyanol FF, 0.025% (w/v) bromophenol blue, 18 mM
EDTA pH 8.0, 0.025% (w/v) SDS, 95% (v/v) formamide) to a final concentration of 1 x
RNA loading dye and heat denatured at 65°C for 5 min. RNA was routinely electrophoresed
ina2.5% (w/v) agarose gel in 1 x Tris Borate EDTA (TBE) buffer at 90 V. Gels were stained
with SafeView Nucleic Acid Stain (NBS Biologicals) prior to visualization under ultra violet
light in the ImageQuant™ LAS 4000 (GE Healthcare Life Sciences). The molecular size of
electrophoresed DNA fragments was estimated by comparison with HyperLadder™ 1

(Bioline) or O’GeneRuler™ 1 kb DNA Ladder (Thermo Scientific).

2.3.5 Restriction digestion

All enzymes were purchased from Thermo Scientific (FastDigest enzymes), New England
Biolabs, or Roche and used according to the manufacturers’ specifications. Restriction
digestions were carried out in a SimpliAmp Thermal Cycler (Applied Biosystems, Thermo
Scientific) and digestion products were analyzed by agarose gel electrophoresis as

previously described.

2.3.6 Purification of PCR products

If required for downstream applications, PCR products were purified to remove primers,
enzymes, and other impurities using the Monarch® PCR & DNA Cleanup Kit (New England
Biolabs) or the High Pure PCR Product Purification Kit (Roche) according to the
manufacturers’ specifications. In order to concentrate samples, multiple PCR reaction

products were combined and spun through a single spin column.
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2.3.7 Precipitation of DNA

In order to increase the concentration of low concentration DNA samples Pellet Paint® Co-
Precipitant (Millipore) was used to facilitate alcohol precipitation of nucleic acids. 1 pL of
Pellet Paint® and 1 volume of 3 M sodium acetate were added to the sample and mixed
briefly. 2 volumes of ethanol were then added followed by briefly vortexing the sample, and
a 2 min incubation at room temperature. Sample was centrifuged at 8,000 x g for 5 min and

washed in 70% ethanol. DNA pellet was then resuspended in desired volume of H>O.

2.3.8 Extraction of DNA from agarose gels

DNA digests or PCR products that required precise purification of a product of interest were
electrophoresed as previously described. DNA fragments were visualized briefly under ultra
violet light and the specific DNA band was excised with a scalpel. The excised DNA in
agarose was weighed and dissolved in gel dissolving buffer at 55°C with occasional
vortexing. Once dissolved, 3 M sodium acetate pH 5.2 was added to lower the pH of the
sample to increase binding to the column membrane. Monarch® DNA Gel Extraction Kit or
High Pure PCR Product Purification Kit (Roche) were used to spin column purify the DNA

according to the manufactures’ specifications.

2.4 Preparation and transformation of competent bacteria

2.4.1 Preparation of electro-competent S. Typhimurium and electroporation

Overnight cultures of S. Typhimurium were subcultured 1:100 in 50 mL LB with appropriate
antibiotics and grown with agitation at 200 rpm at 30°C or 37°C to exponential phase (ODsgoo
0.5). Cultures were then incubated on ice for 20 min. Cells were harvested by centrifugation
at 2,880 x g at 4°C for 10 min and resuspended in 40 mL ice-cold sterile 10% (v/v) glycerol
and incubated on ice for 20 min. The glycerol wash was repeated two additional times with
resuspensions in 25 mL, then 10 mL of ice-cold 10% (v/v) glycerol. After a final
centrifugation at 2,880 x g and 4°C, the pellet was resuspended in 300 pL of ice-cold 10%
(v/v) glycerol. Cells were either stored at -80°C or immediately electroporated. 40 pL of
electro-competent cells were added to 2 mm electroporation cuvettes with up to 5 uL of
plasmid DNA and electroporated with the GenePulser Xcell electroporator (Biorad) at 2.5

kV, 200 Q, 25 pF. 1 mL of SOC (Table 2.1) was added to cells, and the cells were recovered
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at 37°C for 1 h or at 30°C for 2 h with agitation at 200 rpm. For small and high copy plasmids
150 pL of cells was plated on LA plates with appropriate antibiotics and incubated at 30°C
or 37°C overnight. For large and low copy plasmids, cells were harvested by centrifugation
at 6,500 x g and resuspended in 150 pL of SOC. The entire resuspension was plated on LA

plates with appropriate antibiotics and incubated at 30°C or 37°C overnight.

2.4.2 Preparation and transformation of chemically competent E. coli

2.4.2.1 CaCl; chemically competent E. coli

Overnight cultures of E. coli were diluted 1:100 in 50 mL LB with appropriate antibiotics
with agitation at 200 rpm to exponential phase (ODgoo 0.4 — 0.8). Cells were then incubated
on ice for 20 min. Cells were harvested by centrifugation at 2,880 x g and 4°C and
resuspended in 40 mL sterile ice-cold 100 mM CacCl; and incubated on ice for 20 min. Cells
were harvested as before and resuspended in 10 mL sterile ice-cold 100 mM CacCl,. Sterile
glycerol was added to a final concentration of 10%, and cells were incubated on ice for an
additional 20 min. Cells were either stored at -80°C in 300 pL aliquots or immediately

transformed. CaCl> competent cells were used for the transformation of small plasmids.

2.4.2.2 PIPES chemically competent E. coli

Overnight cultures of E. coli were diluted 1:100 in 100 mL LB with appropriate antibiotics
with agitation at 200 rpm to exponential phase (ODgoo 0.4 — 0.8). Cells were then incubated
on ice for 20 min. Cells were harvested by centrifugation at 2,880 x g and 4°C and
resuspended in 30 mL sterile ice-cold 100 mM MgCl; and incubated on ice for 20 min. Cells
were harvested as before and resuspended in 30 mL sterile ice-cold PIPES buffer (60 mM
CaCly, 10 mM PIPES pH 7.6, 15% (v/v) glycerol). Cells were harvested as before and
resuspended in 5 mL PIPES buffer. Cells were either stored at -80°C in 300 pL aliquots or
immediately transformed. PIPES competent cells were used for the transformation of large

(>10 kb) plasmids.

2.4.2.3 Chemical transformation of E. coli

100 — 300 pL of chemically competent cells was mixed with up 20 uL of plasmid DNA or

ligation mixture and incubated on ice for 20 min. The cells were then heat shocked in a 42°C
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water-bath for 90 — 120 s, followed by a 2 min incubation on ice. 1 mL of SOC was added
to each transformation, and cells were recovered at 37°C with agitation at 200 rpm for 1 h.
Cells were harvested by centrifugation at 6,500 x g and resuspended in 150 uL of SOC. The
entire resuspension was plated on LA plates with appropriate antibiotics and incubated at

37°C overnight.
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Table 2.4 Table of oligonucleotides

Primer

Sequence (5'—3")

Description

FNR com F215

FNR com R
D145A FNR F
DI145A FNR R
pBR seq 4

pDEW201 PssaG_F
pDEW201 PssaG R

luxC R

qPCR sseA F
gPCR sseA R
qPCR ssaH F
gPCR ssaH R
gPCR_fnr F
gPCR_fnr R
hemX RT F
hemX RT R
for EMSA F
for EMSA R
FnrS EMSA F
FnrS_ EMSA R
ydgT EMSA F
ydgT EMSA R
sstA_ EMSA F
sstA_ EMSA R
sstA2 EMSA F
ssaB_ EMSA F

TTTAAGCTTAAGGCTATCTTTTATTATG

TTTGTCGACAGTTTGTAACTAAAGAGTAACTC
*ATTAAAGGCGCTCAGGATATGA
TTCACCGCTCATCAGACGCAT
TGCCACCTGACGTCTAAG
CCGGAATTCTTACTCGCTTCGGTATGG
TTCCGGATCCAATATCCATAATGCTTTTCC
CCAGTACTATCAGCGC
TCACCAAATCCGGGCTAAG
GCAACGCCTTGTGGAAATAG
GCGTTAACCATAGCCTGATTTC
CCAACAATAATGCCAGACATACC
ATTGGCAGCGGTCATCAT
TGACGCAGGTTAGGCATTT
CGCCTGACGGTATGTTTCTT
CCCAACCAGGACGTCTATTTAC
AGGCTATCTTTTATTATG
CAAAGCTGGCTGATACTGC
ATAATAAGGTCAAAAGACAGCTC
CAAAAGCGCTTTTCAGACC
ATTAAATATAATGCCAACGGAG
TCCGTCCAGAAGAAGTAAGC
TATATAACCCAGTCGATGAC
ATTCACAATTACATTTTCAGC
CTGATTACTAAAGATGTTTGCAG
GGCTTTTTACGGATGTGG

To amplify fnr with 215 bp upstream, adds HindIII restriction

site

To amplify fnr, adds Sall

To introduce D154 A mutation to fir on a plasmid
To introduce D154 A mutation to fir on a plasmid
Sequencing primer for pPBR322

To amplify Ps.c, adds EcoRI restriction site
To amplify P, adds BamHI restriction site
Verify insertion in pDEW201

To amplify ssed for gPCR

To amplify ssed for gPCR

To amplify ssaH for qPCR

To amplify ssaH for qPCR

To amplify fur for gPCR

To amplify fur for gPCR

To amplify hemX for qPCR, control

To amplify hemX for qPCR, control

To amplify Py, for EMSA

To amplify Py, for EMSA

To amplify Pg,.s for EMSA

To amplify Pg,.s for EMSA

To amplify Pyq,r for EMSA

To amplify Pyq,r for EMSA

To amplify Py« for EMSA

To amplify P« for EMSA

To amplify Py« for EMSA

To amplify Pz for EMSA
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Table 2.4 Table of oligonucleotides (continued)

Primer Sequence (5'—3") Description

PssaB BamHI R TTTGGATCCAGAAATAGAAAATGCTTCTGAG To amplify P, adds BamHI site

dbpA_Xhol F TTTCTCGAGCGATCATTTTAATAGCCGTACC To amplify dbpA, adds Xhol site
dbpA_BamHI R TTTGGATCCCTCAAGCTGAACTGGCTGAA To amplify dbpA, adds BamHI site
sopE_check ATCAGGAAGAGGCTCCGC Verify insertion of 3xFLAG with Kan® at sopE
steC_check ATCTGTAGCGAATGTGCCC Verify insertion of 3xFLAG with Kan® at steC

* represents a 5’ phosphorylation modification
Restrictions sites are underlined

SNPs are double underlined
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2.5 Genetic manipulations

2.5.1 P22 Phage transduction

2.5.1.1 Preparation of bacteriophage lysates

Bacteriophage P22 HT 105/1 int-201 was used introduce desired mutations linked to
antibiotic markers for all transductions. To generate P22 phage lysates, first a donor strain
was subcultured 1:1000 in 10 mL of LB with appropriate antibiotics and grown to an ODsoo
of 0.1. The culture was then inoculated with 20 uL of P22 phage from wild-type 4/74 cells
and incubated with agitation at 200 rpm for 4 h. All remaining bacterial cells were killed
with the addition of 500 pL of chloroform, gentle mixing, and incubation at room
temperature for 10 min. Cellular debris was removed by collecting supernatants after
centrifugation at 2,880 x g for 20 min at room temperature. Supernatants were filtered using
0.2 um PES membrane filters (Fisher Scientific). Stocks of bacteriophage P22 were stored

in 5 mL volumes supplemented with 10 uLL chloroform at 4°C.

2.5.1.2 Transduction by bacteriophage P22

Recipient strains were grown overnight as previously described (2.2.3.1). Transductions
were performed by combination of 100 pL of stationary phase recipient strain with 100 pL
of neat, 107!, and 1072 dilutions of phage, and stationary incubation at 37°C for 1 h. Negative
controls of recipient strain alone and phage alone samples were also incubated at 37°C. The
entire transduction reaction was plated onto appropriate antibiotic LA plates and incubated
at 37°C overnight. If possible, colonies were chosen from plates with the highest phage
dilution to prevent the occurrence of double transductants. Green agar contains a low pH
indicator whereby reduction in pH of lysed cells is detected by the presence of dark green
colonies containing unstable pseudolysogens. To eliminate the possibility of phage
contamination or the presence of pseudolysogens, pale colonies were passaged twice on
green agar containing the relevant antibiotic (Table 2.1). Finally, a pale colony was chosen,

verified by colony PCR and custom sequencing, and stored as a glycerol stock.
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2.5.2 Removal of antibiotic resistance cassettes

To ensure that the presence of antibiotic resistance cassettes did not have polar effects on
surrounding genes, and to facilitate additional genetic manipulations, resistance genes were
removed from mutant S. Typhimurium strains using the pCP20 plasmid (Cherepanov &
Wackernagel, 1995; Datsenko & Wanner, 2000). The pCP20 plasmid encodes the yeast FLP
recombinase and has a temperature sensitive origin of replication. FLP targets FLP
recombinase target sites (FRT sites) found flanking antibiotic resistance cassettes amplified
from pKD3, pKD4 and pSUBI11. FLP mediated site-specific recombination of FRT sites
causes removal of the antibiotic resistance cassette, leaving a scar sequence of 82 — 85 nt.
Finally, cells were cured of the pCP20 plasmid by passaging cells at 42°C. To ensure both
the resistant cassette and pCP20 plasmid were lost, cells were streaked on LA plates, and
LA plates containing appropriate antibiotics. Colonies that grew only on LA plates without

antibiotics were verified by PCR and stored in glycerol stocks.

2.5.3 Modular Tn7-based plasmid system

A modular Tn7-based system (Shivak et al., 2016) was used for construction of the fir*
complementation (Figure 2.2). First, a kanamycin resistant pCS26 plasmid (pCS26-KnR-
luxCDABE) was digested with Notl to remove the luxCDABE operon. The digested fragment
was gel extracted and re-circularized with T4 DNA Ligase (Thermo Scientific). The new
pCS26-Kn® and a PCR amplified fir with its promoter were digested with BamHI and Xhol
and ligated with T4 DNA Ligase. The resulting pCS26-fir-Kn® plasmid and pUC18R6K-
miniTn7T-Pacl plasmid were digested with Pacl and ligated with T4 DNA Ligase. The
resulting pCS26-fir-KnR-pUC18R6K-miniTn7T plasmid was electroporated into Afir cells
already containing the pHSG415-tnsABCD plasmid, cells were recovered at 30°C for 2 h to
allow for transposition of fnr and plated on LA plates containing kanamycin and grown
overnight at 37°C. Colonies were then streaked on kanamycin and ampicillin containing
plates to ensure acquisition of fnr and loss of both plasmids. Colonies with growth on only

kanamycin-containing LA were then verified by PCR and sequencing.
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Figure 2.2 Construction of the finr* complementing strain.

A. A pCS26-Pacl reporter plasmid with an kanamycin resistance cassette was digested with
Notl, BamHI and Xhol and ligated to a Xhol and BamHI digested PCR product containing
Jfnr with its native promoter to create pCS26-fur-Pacl. B. pCS26-fnr-Pacl amplified to
remove the pSCl10lorigin of replication and was SLiCE cloned into the pUC18R6K-
miniTn7T-Pacl plasmid between the Tn7L and Tn7R sites to create C. pCS26-fnr-
pUC18R6K-miniTn7T. This plasmid was then transformed into Afnr::FRT containing the
pHSG-tnsABCD plasmid. D. Cells were recovered at 30°C to allow transposition at the
att::Tn7 site upstream of g/mS. Figure adapted from Shivak et al., 2016.

2.6 Analysis of RNA

2.6.1 Extraction of RNA from S. Typhimurium 4/74

Cultures were grown as previously described. Transcription was stopped, and RNA was
stabilized by addition of 2/5 volume “stop solution” (5% phenol pH 4.3, 95% ETOH) and
incubation on ice for 30 min. Cells were harvested by centrifugation at 2,880 x g and 4°C

for 10 min. Pellets were either stored at -80°C or RNA was immediately extracted.

Total RNA was extracted from bacterial cultures using TRIzol® (Ambion) for Northern Blots
and RNA sequencing (RNA-seq). For TRIzol® RNA extraction, extracted pellets were
resuspended on ice in 1 mL TRIzol®. Samples were then transferred to 2 mL Heavy Phase-
Lock tubes (SPRIME), 400 pL chloroform was added, samples were mixed by inversion for
10 s, and incubated at room temperature for no longer than 5 min. Aqueous and organic
phases were separated by centrifugation at 20,000 x g for 15 min at room temperature. The
aqueous phase was then transferred to a new 1.5 mL tube containing 300 pL isopropanol,
and RNA was precipitated for 30 min at room temperature. Samples were subsequently
centrifuged at 20,000 x g for 30 min at room temperature, and RNA pellets were washed
with 350 pL of 70% ethanol and centrifuged for a further 10 min at 20,000 x g. The
supernatant was discarded, and RNA pellets were air dried to remove residual ethanol, then
resuspended in DEPC treated H>O. Samples were intermittently vortexed and mixed at 65°C,
900 rpm on a ThermoMixer® (Eppendorf) for 5 minutes. RNA samples were then quantified
using the NanoDrop ND-1000 Spectrophotometer (Thermo Scientific), and quality was
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assessed using agarose gel electrophoresis or with the 2100 Bioanalyzer using the RNA 6000
Nano Kit (Agilent), and stored at -80°C.

Total RNA extracted using the SV Total RNA Isolation System (Promega) for RT-qPCR
according to the manufactures’ specifications. RNA samples were then quantified using the
NanoDrop ND-1000 Spectrophotometer (Thermo Scientific), and quality was assessed using

agarose gel electrophoresis, and stored at -80°C.

2.6.2 DNase I digestion

Total RNA samples were DNase I digested with the TURBO DNA-firee™ Kit (Ambion)
according to the manufacturers’ instructions. DNase I digested samples were quantified with

the NanoDrop ND-1000 Spectrophotometer (Thermo Scientific) and stored at -80°C.

2.6.3 Reverse transcription

Reverse transcription (RT), or cDNA synthesis, of DNase I digested total RNA was
completed using the GoScript™ Reverse Transcription System (Promega) according to the
manufacturers’ specifications. 400 ng of each RNA sample was processed ina 5 pL reaction
volume, and following RT, was added to 100 pL of nuclease free H,O for a final
concentration of 3.33 ng/uL. For each sample a “No RT” control was also included that
contained no RT enzyme to confirm the absence of genomic DNA in real-time quantitative

PCR. All cDNA samples were stored at -80°C.

2.6.4 Real-time quantitative PCR

Real-time quantitative PCR (RT-qPCR) was used to quantify gene expression of S.
Typhimurium cells. The PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) was
used for all RT-qPCR reactions in 20 pL volumes including 8 pL of cDNA, “No Reverse
Transcriptase” RNA or genomic DNA as template. cDNA and “No Reverse Transcriptase”
templates were diluted 5-fold to a final concentration of 0.67 ng/uL. Standard curves were
generated with six 10-fold serial dilutions of wild-type S. Typhimurium 4/74 genomic DNA.
RT-qPCR reactions were set up in duplicate in MicroAmp Fast Optical 96-well reaction
plates (Applied Biosystems) and run on the ABI StepOnePlus™ Real-Time PCR System
(Applied Biosystems). Default RT-qPCR settings were used for each run as well as for melt

59



curves for each new primer set. All primers used for RT-qPCR are listed in Table 2.4. Data
analysis was done using the StepOne™ software and Prism 6 GraphPad. PCR products were
quantified relative to hemX. The hemX gene encodes a putative uroporphyrinogen III C-
methyltransferase and was used as a reference gene as it showed low variation in gene

expression across RNA-seq transcripts from the wild-type and Afir mutant.

2.6.5 Generation of Digoxigenin-labelled riboprobes

Digoxigenin (DIG)-labelled single-strand RNA molecules (“riboprobes”) were generated
for Northern Blotting by in vitro transcription using T7 RNA polymerase and the DIG
Northern Starter Kit (Roche). A linear DNA template including the T7 promoter sequence
(GAATTAATACGACTCACTATA) was generated through PCR with Q5 polymerase
(New England Biolabs) and primers found in Table 2.4. DNA templates were purified
through gel extraction as previously described, and 200 ng of DNA was used as template in
each 20 pL reaction (1 x labelling mix, 1 x transcription buffer, 40 U T7 RNA polymerase).
Labelling transcription reactions were incubated at 42°C for 1 h in a SimpliAmp Thermal
Cycler (Applied Biosystems, Thermo Scientific). Template DNA was removed by
incubation with DNase I at 37°C for 15 min, and reactions were stopped by addition of 400
mM EDTA pH 8.0. Riboprobes were stored at -20°C.

Labelling efficiency of labelled riboprobes was tested by a dot-blot of 10-fold serial dilutions
of riboprobes on a positively charged nylon membrane. Membranes were UV-crosslinked at
120 mJ (Peqlab crosslinker), rinsed with washing buffer, incubated at room temperature in
1 x blocking buffer for 30 min, and subsequently incubated with a 1:10,000 dilution of the
Anti-digoxigenin-AP, Fab fragments in 1 x blocking buffer for 30 min. The membrane was
washed two times in washing buffer, equilibrated in detection buffer for 5 min, then covered
with CDP-star (Applied Biosystems). CDP-star acts as the chemiluminescent substrate,
where enzymatic dephosphorylation of CDP-star by the alkaline phosphatase conjugated
anti-DIG produces light which was detected using the ImageQuant™ LAS 4000 (GE

Healthcare Life Sciences). All buffer and solution recipes are listed in Table 2.5.
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2.6.6 Northern blotting

Total DNasel treated RNA was electrophoresed through 7% acrylamide, 8.3 M urea, 1 x
TBE gels. 5 pg of RNA was mixed with 2 x RNA loading dye and heat denatured at 65°C
for 10 min prior to loading into gels. Gels were electrophoresed at 90 V in 1 x TBE for 1 h
and 15 min. RNA-containing gels, positively charged nylon membranes (Roche), and filter
paper were equilibrated in ice-cold 1 x TBE. RNA was transferred to the membrane using
the Biometra Fastblot B43 semi-dry blotting apparatus at 125 mA for 30 min at 4°C. RNA
was UV-crosslinked to membrane at 120 mJ (Peqlab crosslinker). The membrane was then
pre-hybridized in pre-warmed DIG Easy Hyb buffer (Roche) in a rotating oven at 62°C for
1 h. Approximately 1.25 ug (5 pL) of riboprobe was boiled at 95°C for 5 min, then incubated
on ice for 5 min before being added to pre-hybridization buffer. Hybridization of RNA with
the riboprobe of interest was incubated in a rotating oven at 62°C overnight. Membranes
were washed twice for 10 min in Stringency Wash Buffer I pre-warmed to 62°C, then washed
twice for 30 min in Stringency Wash Buffer II at room temperature on a rocker. The
membranes were blocked for non-specific sites with 1 x blocking buffer at room temperature
for 30 min, and subsequently incubated with a 1:10,000 dilution of the Anti-digoxigenin-
AP, Fab fragments in 1 x blocking buffer for 30 min. The membrane was washed two times
in washing buffer for a total of 10 min, equilibrated in detection buffer for 5 min, then
covered with CDP-star (Applied Biosystems). Chemiluminescence was detected as
previously described using the ImageQuant™ LAS 4000 (GE Healthcare Life Sciences). To
determine if RNA samples were equally loaded onto gels, membranes were re-probed as
previously described with a 1:1000 diluted 5S riboprobe. All buffer and solution recipes are
listed in Table 2.5.

2.6.7 cDNA preparation of RNA and RNA-seq

Total non-depleted RNA was sent to Vertis Biotechnologie AG (Freising Germany) for
cDNA library preparation and RNA-seq.
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Table 2.5 Buffers and solutions for Northern blotting

Name Reagent Concentration
RNA loading dye xylene cyanol FF 0.025% (w/v)
bromophenol blue 0.025% (W/v)
EDTA pH 8.0 18 mM
SDS 0.025% (w/v)
formamide 95% (v/v)
20 x SSC NaCl 3iM
Sodium Citrate 03 M
Stringency wash I SSC 2 x
SDS 0.1% (w/v)
HO
Stringency wash II  SSC 0.5 x
SDS 0.1% (w/v)
HO
Maleic acid buffer pH 7.5 Maleic acid 0.1M
NaCl 0.15M

*adjust pH with NaOH pellets

Washing buffer Maleic acid buffer 1 x
Tween-20 0.3% (v/v)
1 x Blocking buffer Casein Blocking Solution (Roche) 1 x
Maleic acid buffer 1 x
Detection buffer pH 9.5 Tris-HCI 0.1M
NaCl 0.1 M
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2.7 Analysis of proteins

2.7.1 Preparation of whole cell lysates for analysis of cellular proteins

Cultures were grown as previously described. 1 ODgoo unit of cells were harvested for PCN
and LB cultures, while MMA cultures required 5 ODsoo units. Cells were harvested by
centrifugation at 4°C for 8 min at 2,880 x g. Cell pellets were washed once in 1 mL PBS
then resuspended in 20 mL nuclease free H>O and 20 mL 2 x Laemmli buffer (0.1 M Tris-
HCI pH 6.8, 6% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) B-mercaptoethanol, 0.1% (w/v)
bromophenol blue). Samples were boiled for 5 min at 100°C, then centrifuged for 3 min at

6,500 x g at 4°C. Supernatants were moved to new 1.5 mL tubes and stored at -20°C.

2.7.2 Preparation of culture supernatants for analysis of secreted proteins

Cultures were grown as previously described (Section 2.2.3). 10 ODsoo units of cells were
harvested for PCN and LB cultures, while MMA cultures required 50 ODgoo units. Cells were
centrifuged at 4°C for 40 min at 2,880 x g, and supernatants were filtered through 0.2 pm
PES membrane filters (Fisher Scientific) into sterile tubes. Ice-cold trichloroacetic acid
(TCA) was added to a final concentration of 10% (v/v) to precipitate proteins, and proteins
were harvested by centrifugation at 4°C for 40 min at 2,880 x g. Protein pellet were washed
in 1 mL ice-cold acetone, transferred to new 1.5 mL tubes and centrifuged at 4°C for 10 min
at 6,500 x g. Pellets were resuspended in 20 pL nuclease free H>O and 20 pL 2 x Laemmli

buffer. Samples were boiled at 99°C for 5 min prior to storing at -20°C.

2.7.3 DS polyacrylamide gel electrophoresis (SDS-PAGE)

SDS polyacrylamide gels (SDS-PAGE) were used for size separation of denatured proteins
based on molecular weight using a discontinuous gel system. Resolving gels were made to
a final concentration of 10 to 12.5% from a 40% acrylamide/bis-acrylamide (37:5:1) stock,
with 0.375 M Tris-Cl (pH 8.8), 0.1% (w/v) SDS, and were polymerized by 0.1% (w/v)
ammonium persulfate (APS) and 0.01% (v/v) tetramethylethylenediamine (TEMED). Once
poured, resolving gels were overlaid with isopropanol until polymerization was complete.
Isopropanol was removed before overlaying the resolving gel with the stacking gel. Stacking

gels were comprised of 5% from a 40% acrylamide/bis-acrylamide (37:5:1) stock, with
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0.082 M Tris-Cl (pH 6.8), 0.1% (w/v) SDS, and were polymerized with 0.1% (w/v) APS
and 0.01% (v/v) TEMED. Samples were electrophoresed alongside the PageRuler™ Plus
Prestained Protein Ladder (Thermo Scientific) to help monitor progress of the gel and
estimate protein band sizes. Gels were run in 1 x running buffer (25 mM Tris, 0.19 M
glycine, 0.1% (w/v) SDS) at 90 V until the dye front surpassed the stacking gel, then the
voltage was increased to 180 V until the dye front reached the bottom of the gel. Gels were

either analyzed by Coomassie staining or 108 immunoblotting.

2.7.4 Coomassie staining of polyacrylamide gels

SDS-PAGE gels were Coomassie stained using InstantBlue™ (Expedeon). Gels were rinsed
with dH>O then submerged in InstantBlue™ for 15 min on a rocker. Gels were then washed
in dH20 overnight and proteins were visualized using white light using the ImageQuant

LAS4000 (GE).

2.7.5 Western Immunoblotting

Western immunoblotting was used to detect specific proteins from whole extracts or culture
supernatants separated by size on SDS-PAGE gels. Proteins were transferred from gels to
nitrocellulose membranes using a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad).
Gels were rinsed with dH>O then equilibrated in 1 x transfer buffer (25 mM Tris, 0.19 M
glycine). Transfer “sandwiches” were assembled in gel holder cassettes in a dish containing
1 x transfer buffer as follows: a fiber pad, 3 pieces of 3 mm filter paper (Whatman), the
polyacrylamide gel, a 0.45 um PROTRAN nitrocellulose membrane (Whatman), and 3
additional pieces of 3 mm filter paper and fiber pad. Cassettes were loaded into transfer tanks
with membranes towards the anode, filled with 1 x transfer buffer and an ice-pack. Proteins

were transferred at 300 mA for 90 min on ice.

To verify that proteins had efficiently transferred, membranes were briefly incubated in
Ponceau S solution (Sigma) until bands were visible. Membranes were imaged under white
light using the ImageQuant LAS4000 (GE), then rinsed with water until staining was no

longer visible.

To reduce non-specific protein binding, membranes were blocked for 90 min at room
temperature in blocking buffer (5% skimmed milk powder, PBS, 0.05% Tween-20). The
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primary antibodies, monoclonal anti-FLAG M2 (Sigma) and monoclonal anti-DnaK (E. coli,
Enzo Life Sciences) derived from mice, were diluted in blocking buffer 1:10,000 and
1:30,000 respectively, and incubated with membranes at 4°C overnight on a rocker. DnaK
served as a loading control for whole cell extracts and as a cell lysis control for supernatants.
DnaK was used as a control for protein levels as a cytosolic control for Western blotting.
This allowed us to determine if general protein levels were expressed evenly between
different samples. Membranes were washed in PBST (PBS, 0.05% Tween-20) four times for
a total of 40 min before incubation with the secondary antibody, anti-mouse IgG horseradish
peroxidase (HRP, Santa Cruz Biotechnology), diluted 1:6,000 in blocking buffer for 90 min
at room temperature on a rocker. Membranes were washed an additional 3 times in PBST
for a total of 30 min and once in PBS for 15 min. ECL chemiluminescent HRP substrate
(Pierce) was used to detect chemiluminescent signal. A 1:1 ratio of luminol and peroxide
were mixed and used to flood the membrane. Membranes were sealed in plastic and
incubated in the dark for 5 min. Light emission occurs as a by-product of the oxidation of

luminol by HRP and was detected using the ImageQuant LAS4000 (GE).

2.7.6 Proteomic analysis by mass spectrometry

Protein sample preparation was done by Dr. Nicole Hansmeier and all subsequent processing
and analysis as described here were completed by Dr. Tzu-Chiao Chao at the University of
Regina, Regina, Saskatchewan, Canada. Cultures were grown in MMA as previously
described. Protein isolation was conducted according to the manufacturers’ instructions for
TRIzol protein extraction (Life Technologies) with minor modifications. Approximately
10'° bacterial cells were harvested and washed 4 x with PBS, the resulting cell pellet was
resuspended in 750 pL of TRIzol and incubated for 5 min on ice. Subsequently, 200 pL
chloroform was added and incubated for 3 min on ice. The samples were centrifuged for 15
min at 12,000 x g at 4°C. The phenolic phase was transferred into a new tube and the proteins
were precipitated with isopropanol. The protein pellet was collected by centrifugation at
12,000 x g at 4°C and washed twice with 70% ethanol, followed by 100% ethanol incubation
for 20 min before air drying. Protein pellets were resolubilized in 50 mM ammonium
bicarbonate buffer containing 0.1% SDS. The resulting protein samples were reduced and
alkylated with 5 mM DTT and 20 mM iodoacetamide (45 min incubation at RT each) and
rebuffered into 50 mM ammonium bicarbonate buffer on filter columns (MWCO 10 kDa,
Amicon, Millipore). Protein concentration of the resulting protein solution was determined
by Pierce BCA protein assay kit (Thermo Fisher Scientific) and 50 pg protein was
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subsequently digested with trypsin gold (protein/enzyme ratio 50:1) according to the
manufacturers’ instructions (Promega). Digested proteins were acidified with 0.1% formic
acid and dried. Dried digested samples were resuspended in running solution (0.1% formic
acid, 3% acetonitrile) and centrifuged at 12,000 x g for 10 min to remove insoluble material.
The supernatant (0.5 pg/ul protein) was spiked with Phos B standard (Waters) for
quantitation before LC-MS analyses. Each analysis injection contained 40 fmol/ul of Hi3
Ecoli standard (Waters).

Each sample was analyzed on a NanoAcquity system (Waters) coupled to a Synapt G2
HDMS (Waters). 0.5 ng spiked digests were loaded onto a NanoAcquity UPLC Symmetry
C18 trap column (180 um % 20 mm, dp: 5 um, Waters) to desalt and chromatographically
focus peptides for 3 min (5 pL/min flow rate) prior to elution onto an Acquity UPLC M-
class HSS T3 analytical column (75 pm % 200 mm, dp:1.8 um, Waters). The separation was
conducted with a 120 min gradient from 3% acetonitrile/0.1% formic acid to 45%
acetonitrile/0.1% formic acid at a flow rate of 0.35 puL/min. The eluted peptides were
analyzed in a Synapt G2 HDMS QTof (Waters) in positive MSE resolution mode with a 1 s
scan time. In low energy MS mode, data were collected at constant collision energy of 4 eV.
High energy collision energy was ramped between 18 and 42 V. Leucine enkephaline was

measured as lock mass every 30 s to maintain mass accuracy throughout the run.

The resulting raw spectral data were processed with the ProteinLynx Global Server (PLGS)
v. 3.02 with Identity (Waters). Data were extracted and searched against a protein sequence
database built with the UniProt Salmonella enterica sv. Typhimurium strain LT2 reference
proteome (accessed January 2016), appended with the sequences of the Hi3 Ecoli standard
(Waters) for quantitation. The following settings were used as search parameters: mass
tolerance of 8 ppm, trypsin specificity, 1 missed cleavage; stable modification

carbamidomethyl(C); variable modification methionine oxidation, false discovery rate: 4%.

2.8 Chromatin Immunoprecipitation

2.8.1 Preparation of cross-linked lysates

Chromatin immunoprecipitation (ChIP) was carried out as previously described (Dillon et
al., 2010) with some modifications. All ChIP buffer recipes are listed in Table 2.6. Cultures

of fnr::3xFLAG were grown in MMA as previously described. 40 OD units were harvested
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by room temperature centrifugation at 2,880 x g for 8 min. Cells were resuspended in 50 mL
of 37°C PBS. Crosslinking of protein-DNA complexes was done by slowly adding molecular
grade formaldehyde (Sigma) to a final concentration of 1% with gentle mixing on a Belly
Dancer® for 30 min. Cross-linking was stopped by addition of ice-cold glycine to a final
concentration of 0.125 M, and incubation for 5 min with gentle mixing. Cross-linked cells
were centrifuged at 4°C, at 2,880 x g for 8 min. Cell pellets were resuspended in 600 pL of
lysis buffer and incubated on ice for 30 min. Cells were further diluted in 1.4 mL of dilution
buffer before sonication. Chromatin was sonicated to achieve an average fragment length of
500 bp using the MSE Soniprep sonicator (Sanyo). Sonication was performed in 10 to 15,
30 s bursts at an amplitude of 10 pM with 1 min of incubation on ice between bursts. A
sample of sonicated chromatin was verified for sonication efficiency by agarose gel
electrophoresis as previously described (Section 2.3.4). Cellular debris was removed by
centrifugation of samples at 4°C, at 8,000 x g for 10 min. Supernatants containing sheared

chromatin were added to 1 mL of dilution buffer and stored at -80°C.

2.8.2 Immunoprecipitation

To eliminate non-specific binding of the antibody, chromatin was pre-cleared using 50 pg
of normal rabbit IgG (Santa Cruz Biotechnology). Chromatin was incubated at 4°C on a
rotating wheel for 1 h, followed by addition of 100 pL of homogeneous protein G-agarose
bead suspension (Roche), and incubated as before for an additional 3 h. Beads were pelleted
by centrifugation at 4°C, at 2,880 x g for 4 min. Chromatin-containing supernatants were
carefully transferred to new 2 mL tubes to avoid disruption of beads. The “Input” sample,
200 pL of pre-cleared chromatin, was stored at -20°C for later analysis. The remaining pre-
cleared chromatin was split into 1350 pL aliquots for Immunoprecipitation (IP) reactions.
The “Mock” IP reaction was carried out using 10 pg of normal mouse IgG (Santa Cruz
Biotechnology). Mock IP reactions were used to measure the background levels of DNA
binding. The experimental IP reaction, referred to hereafter as “FLAG,” was carried out
using 10 pug of monoclonal mouse anti-FLAG M2 antibody (Sigma). Both IP reactions were
incubated overnight at 4°C on a rotating wheel, followed by addition of 50 pL of

homogeneous protein G-agarose bead suspension and a further 3 h of incubation.

67



2.8.3 Washing the Protein-G agarose beads and elution of DNA

The protein-G agarose beads were bound to antibody-protein-DNA complexes and were
carefully washed in several steps. First, beads were pelleted by centrifugation at 6,000 x g
at 4°C for 2 min, beads were incubated on ice for 1 min before discarding supernatants. For
each wash, 750 pL of the appropriate pre-chilled wash buffer was added, followed by
vortexing and centrifugation at 6,000 x g at 4°C for 2 min and a 1 min incubation on ice.
Beads were washed in Wash Buffer I, transferred to new 1.5 mL tubes and washed again in
Wash Buffer I. Beads were then washed once in Wash Buffer II and twice in TE Buffer.
Finally, beads were resuspended in 225 pL of room temperature Elution Buffer, vortexed
and pelleted to elute antibody-protein-DNA complexes from the beads. The elution step was

performed twice, and both eluates were combined into a new 1.5 mL tube.

2.8.4 Reversal of cross-links and DNA extraction

To reverse crosslinking, Input, Mock and FLAG samples were treated with Sng/uLL RNase
A (Sigma) and 0.3 M NaCl and incubated at 65°C for a minimum of 6 h. Samples were then

treated with 9 pg of Proteinase K and incubated at 45°C for a minimum of 3 h.

DNA extraction of all samples was accomplished using standard phenol-chloroform
extraction followed by ethanol precipitation. Input samples were co-precipitated with
glycogen, and both Mock and FLAG samples were co-precipitated with yeast tRNA and
glycogen. Input DNA was ultimately resuspended in 100 pL nuclease free H>O and Mock
and FLAG DNA was resuspended in 50 uL nuclease free H>O at 37°C and 900 rpm on a
ThermoMixer® (Eppendorf) for 1 h.

Input and IP DNA were diluted 1:50 and 1:5 respectively for RT-qPCR analysis as
previously described (section 2.6.4). The quantity of immunoprecipitated DNA is relative to
specific protein binding of that region and was calculated as a fraction of the starting amount
of DNA (Input). The mock IP DNA was subtracted from the experimental [P DNA and
compared to a control region which was negative for specific transcription factor binding

according to the following formula:

Experimental IP of promoter X Mock IP of promoter X

Experimental Input of promoter X "~ Mock Input of promoter X
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Table 2.6 Buffers for ChIP

Name Reagent Concentration
Lysis Buffer Tris-HCI, pH 8.1 50 mM
EDTA 10 mM
SDS 1% (W/v)
Protease inhibitor tablet stock J IS
Dilution Buffer Tris-HCI, pH 8.1 20 mM
NaCl 150 mM
EDTA 2mM
Triton X-100 1% (v/v)
SDS 0.01% (w/v)
IP Wash Buffer I Tris-HCI, pH 8.1 20 mM
NaCl 50 mM
EDTA 2mM
Triton X-100 1% (v/v)
SDS 0.1% (w/v)
IP Wash Buffer II Tris-HCI, pH 8.1 10 mM
LiCl 250 mM
EDTA 1 mM
NP-40 1% (v/v)
Deoxycholic acid 1% (W/v)
TE Buffer, pH 8.0 Tris 10 mM
EDTA 1 mM
*adjust pH with HCI
Elution Buffer NaHCO; 100 mM
SDS 1% (W/v)
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2.9 DNA sequencing

2.9.1 Preparation of DNA libraries

DNA was quantified using the Qubit™ dsDNA HS Assay Kit and a Qubit™ Fluorometer
(Thermo Scientific). Sequencing libraries were constructed using the NEBNext® Ultra™ I1
DNA Library Prep Kit (New England Biolabs) according to the manufacturers’
specifications. Libraries were prepared without additional DNA fragmentation as DNA 1is
already fragmented through the chromatin immunoprecipitation protocol and the 400 — 500
bp size selection step was used. TruSeq® DNA Adaptors (Illumina) were ligated to DNA
fragments using 6 amplification cycles for Input samples, and 10 cycles for Mock and FLAG
samples according to the manufacturers’ specifications. Samples verified for quality using

the 2100 Bioanalyzer and High Sensitivity DNA Kit (Agilent).

2.9.2 Sequencing with Illumina MiSeq

DNA libraries were prepared for sequencing with the MiSeq Reagent Kit v3 (Illumina) and
run on a MiSeq System (Illumina) according to the manufacturers’ specifications. The first
libraries and sequencing runs were constructed and performed by Stefani Kary, with
additional replicates by Dr. Keith MacKenzie at the University of Regina, Regina,

Saskatchewan, Canada.

2.10 Bioinformatic analysis

2.10.1 Mapping of RNA-seq data and differential expression analysis

Data from RNA-seq was analyzed by Karsten Hokampf and Carsten Kroger at Trinity
College Dublin, Dublin, Ireland. READemption (Forstner et al., 2014) was used for
computational evaluation of the RNA-seq data. Reads obtained from RNA-seq experiments
were mapped to the 4/74 reference genome using the Segemehl mapping software
(Hoffmann et al., 2009). Reads that do not map in a single chromosomal location (uniquely
mapped reads) were truncated from the 3’ end in stepwise manner by removing one
nucleotide at a time until the read is mapped uniquely or until the read length reaches 20
nucleotides. Remaining reads were discarded. Data were normalised using the transcripts
per million (TPM) method (Wagner et al., 2012). This method of measuring transcript
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abundance from high throughput sequencing data is closely-related to the widely used reads
per kilobase per million method (RPKM) (Mortazavi et al., 2008), but removes the bias, of
normalisation to the total number of reads mapped in each sequencing run, that the RPKM
method introduces. Instead the TPM method measures transcript abundance by calculating
the number of transcripts of a particular gene by dividing the number of nucleotides mapped
to that gene by the length of the gene (7,). All of these numbers are summed to get the total
number of transcripts represented by all the mapped reads (7). The transcript abundance for
each gene is then calculated as number of transcripts per million transcripts according to the

following formula:
TPM = t—9106
T

A TPM value of 2 is the suggested cut-off value for determining if a gene is expressed or
not (Wagner et al., 2013), however a more conservative cut-off of TPM = 10 was chosen for
this study based on TPM values of indicator genes which were previously shown not to be
expressed under a particular condition, as previously described (Kroger et al., 2013).

Differential expression of genes between WT and Afnr was calculated from TPM values.
2.10.2 ChIP-seq analysis

Data from ChIP-seq was analyzed by Aalap Mogre and myself, at Trinity College Dublin,
Dublin, Ireland. Qualities of sequenced reads were assessed using FastQC (Andrews, 2010).
Reads were mapped to the S. enterica subsp. enterica serovar Typhimurium str. 4/74
chromosome and plasmids combined reference sequences (chromsome: NC 016857.1,
TY474pl: NC 016858.1, TY474p2: NC 017675.1, TY474p3: NC 016859.1) using the
Burrows-Wheeler Aligner (Li & Durbin, 2009). SAMtools was used to sort aligned reads by
the reference sequence and remove unmapped and low mapping quality reads (mapping
quality < 30) (Li ef al., 2009). Some samples had large numbers of unmapped reads that
were found to map to the S. cerevisiae genome. Using qPCR with primers specific to S.
cerevisiae we identified that these came from yeast gDNA contamination in the yeast tRNA
used as a co-precipitant intended to increase DNA yields in the ChIP protocol. Since this
contaminant gDNA was introduced in the final stages of the experiment, they do not affect
the outcome of the ChIP experiment apart from reducing the coverage of the sample. We

decided to not remove duplicate reads as the coverage of some of the samples was low and
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peak calling was less effective after removal of duplicate reads. Model-based analysis of
ChIP-Seq 2 (MACS2) (Zhang et al., 2008) was used to call FNR peaks from the sorted BAM
files using the mock as control. Due to differing fragment sizes among the replicates,
different mock replicates were used as control for different sample replicates: mock replicate
1 was used as control for ChIP replicate 1 (fragment size ~250 nt), mock replicate 3 was
used as control for ChIP replicates 2 and 3 (fragment sizes ~300 nt). Peak lists thus generated
by MACS2 were roughly annotated with the names of neighbouring genes and sSRNAs using
a R script (R Core Team, 2013) and are available as both Excel and .gff files. Overlaps of
peaks between different samples were analysed using DiffBind (Stark & Brown, 2011). Most
peaks in replicate 1 overlapped with peaks in replicate 2. This list of high confidence peaks
annotated roughly using a R script are available as both Excel and .gff files. Sequences of
peaks from this list were used to generate the FNR motif using MEME-ChIP (Machanick &
Bailey, 2011). This resulting motif was used to find all possible motifs in the genome, bound
or not according to our experiment, using Find Individual Motif Occurrences (FIMO) (Grant
et al., 2011). deepTools was used to create bigWig (.bw) files, for display of dense,
continuous data, from sorted BAM (binary SAM files) files containing coverage information
scaled to the library size and multiplied by a factor (1 x 10%) for each sample that could be
viewed using Integrated Genome Browser (IGB) (Nicol et al., 2009) along with the .gff peak
lists. All scripts wused in the analysis can be accessed from GitLab

(https://gitlab.com/aalap.mogre/fnr-chip-seq).
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Table 2.7 Table of programs and online tools for bioinformatic analysis in this study (continued)

Name of Program/Tool Description Reference or URL
Inkscape An open source professional vector graphics editor. www.inkscape.org
IGB Integrated Genome Browser, for visualization of RNA-seq and ChIP-seq reads, and other (Nicol et al., 2009)
genomic features.
JBrowse Visualisation of RNA-seq reads and other genome features. (Skinner et al., 2009)
Ligation Calculator For calculation of amount of required insert DNA for a given molar ratio for ligation http://www.insilico.uni-
reactions. duesseldorf.de/Lig_Input.html
MEME-ChIP Multiple Em for Motif Elicitation, for ChIP a motif analysis of large DNA datasets. (Machanick & Bailey, 2011)
MACS2 Model-based analysis of ChIP-seq 2, for improved spatial resolution of predicted binding (Zhang et al., 2008)
sites of ChIP-seq data.
Multiple Primer Analyzer For analyzing and comparing multiple primer sequences simultaneously. ThermoFisher
NEB Tm Calculator For estimating the optimal annealing temperature for PCR. https://tmcalculator.neb.com/
Prism GraphPad v6.0h Statistical analysis and graphing software. https://www.graphpad.com/
scientific-software/prism/
R A language and environment for statistical computing. (R Core Team, 2013)
READemption An RNA-Seq analysis pipeline. (Forstner et al., 2014)
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2.11 DNA binding analysis

2.11.1 Large scale induction of protein production

Overnight cultures were set up in 50 mL of LB with kanamycin of PK22 cells with the
p(furD154A4), plasmid. Strains were subcultured 1:50 in 1 L LB with kanamycin in a 2 L
baffled flask, and grown at 37°C, 200 rpm to between ODsoo 0.4-1.0. Cultures were induced
with 1 mM IPTG and grown at 16°C, 200 rpm overnight. Cells were harvested by
centrifugation at 8,000 x g for 10 min at 4°C. Pellets were transferred to 50 mL falcon tubes

with an EDTA-free protease inhibitor tablet and stored at -20°C.

2.11.2 6xHis-Tag protein purification

Bacterial pellets were thawed in an ice-water slurry, resuspended in ice-cold PBS, and lysed
using a French pressure cell press at 1000 psi. Lysates were centrifuged at 15,000 x g for 20
min at 4°C. DNase was added to a final concentration of 5 pg/mL gently mixed and lysates
were filtered through a 0.2 um PES membrane filter. A 5 mL HiTrap affinity column was
used with a peristaltic pump. The column was washed with dH»O, followed by 3 to 5 column
volumes of Nickel Buffer A (4 mM Tris, 0.1 M NacCl, pH 7.9). The filtered lysate was then
loaded onto the column and collected for downstream analysis as the “Unbound” fraction.
Nickel Buffer B (4 mM Tris, 0.1 M NaCl, 0.2 M Imidazole, pH >7.9) was diluted with Nickel
Buffer A using a gradient of concentrations from 10% to 100%. The column was then
washed with 10 column volumes of 10% Nickel Buffer B in Nickel Buffer A to remove
further unbound protein and collected as the “Wash” fraction for downstream analysis. The
protein was then eluted from the column using the gradient of Nickel Buffer B
concentrations collecting each fraction. The imidazole in Nickel Buffer B competes with the
6xHis-tagged (FNRD154A); protein for binding to the metal-charged resin in the column,
thus eluting the recombinant protein. The fractions were analyzed by SDS-PAGE and
Coomassie staining as described previously. Fractions containing the (FNRD154A), protein
were pooled and dialyzed against PBS at 4°C overnight. Proteins were then concentrated
using an Amicon® Ultra-15 Centrifugal Filter (Sigma). Protein concentration was
determined using a Pierce™ BCA Protein Assay Kit (Thermo Scientific) according to the

manufacturers’ specifications.
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2.11.3 Electrophoretic mobility shift assay

Electrophoretic mobility shift assays (EMSA) were used to investigate in vitro binding of
FNR at promoters of interest. Varying concentrations of (FNRD154A), were combined with
0.5 pmol of probe DNA (Table 2.7) in EMSA Binding Buffer (20 mM Tris, 50 mM NaCl,
10 mM EDTA, 4 mM DTT, 5% (v/v) glycerol, 0.5 mg/mL BSA, 1 pg/mL poly-d[I-C], pH
7.2) in a 15 pL reaction volume, and incubated at 37°C for 1 h. Binding reactions were
electrophoresed using 7% acrylamide, 2% glycerol, 1 x TBE gels in 1 x TBE at 150 V for
75 min on ice and at 4°C. Gels were stained with SafeView Nucleic Acid Stain (NBS
Biologicals) prior to visualization under ultra violet light in the ImageQuant™ LAS 4000
(GE Healthcare Life Sciences). The molecular size of electrophoresed DNA fragments was
estimated by comparison with O’GeneRuler™ 1 kb DNA Ladder (Thermo Scientific). Band
shifts were quantified using ImageJ and the bound ratio was calculated using the following

formula:

gD
(Dp + Dy)

Where Br is the bound ratio, D is the band intensity of DNA in pixels, and the subscripts b

and u represent the bound (DNA bound by protein) and unbound (DNA only) bands.

Equilibrium DNA binding curves were fitted by nonlinear regression and the dissociation

constant and maximum bound ratio, Kp and By, respectively, were determined by one site

specific binding with Hill slope analysis.

2.12 Atomic force microscopy imaging

For Atomic force microscopy (AFM) analysis, 20 mL of bacterial culture grown in LB as
previously described, were spotted onto coverslips (Hartenstein) and incubated at room
temperature for 1 h before rinsed with ultrapure water and subsequently mounted onto glass
microscope slides for immediate AFM imaging. Measurements were taken using the
NanoWizard II AFM system (JPK Instruments AG). To visualize the sample, the AFM was
driven in soft contact mode using silicon nitride AFM probes with a nominal force constant
of 0.06 N/m (SiNi, Budget Sensors). Scan rates were set to 1 Hz and images were acquired
with a resolution of 512 x 512 pixel. For each sample, topographic overview images were

taken before magnification was performed. Representative images are XY tilt corrected,
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polynomial fitted, and unsharpened mask filtered to remove noise using JPK data processing
software (JPK Instruments AG). All images are displayed in false-color. Atomic force
microscopy imaging was completed by Nicole Hansmeier at Universitit Osnabriick,

Osnabriick, Germany.

2.13 Infection of murine macrophages

RAW 264.7 murine macrophages were grown in Dulbecco's Modified Eagle Medium
(DMEM, Sigma) with fetal bovine serum (FBS, Sigma) and seeded into 24 well plates at a
concentration of 4 x 10 cells per well. Macrophages were inoculated with S. Typhimurium
strains that had been grown overnight in LB or MMA, at a multiplicity of infection (MOI)
of 10:1 in DMEM. Macrophages were left to phagocytose bacterial cells for 30 min at 37°C
in 5% COz before treatment with 100 pg/mL gentamycin (Sigma) for 1 h at 37°C in 5% CO..
The macrophages were washed with sterile PBS, lysed with ice-cold nuclease free water,
and plated at appropriate dilutions on LA. In the remaining wells, media was replaced with
DMEM with FBS and 10 pg/mL gentamycin and incubated at 37°C in 5% CO; for the
remainder of the infection. Cells were routinely sampled at 1 h, 4 h, 8 h, and 16 h post-

infection.
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Chapter 3

Transcriptional regulation in Afnr
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3.1 Introduction

3.1.1 Overview of the Study

To establish and maintain a successful infection in the host, Salmonella must integrate a
multitude of environmental inputs by co-ordinating regulatory proteins in a complex
transcriptional network (Osborne et al., 2009; Yoon et al., 2009). S. Typhimurium host cell
invasion, survival and proliferation inside of host cells has been thoroughly studied
(Ellermeier & Slauch, 2007; Fass & Groisman, 2009; Haraga et al., 2008) however, priming
of cells prior to invasion is relatively underexplored (Brown et al., 2005; Osborne &
Coombes, 2011). Anaerobic and microaerobic growth of Sa/monella has long been known
to increase adherence and invasion of mammalian cells (Lee & Falkow, 1990; Schiemann &
Shope, 1991). More recently, the regulator of anaerobic metabolism, FNR has been shown
to be important for priming cells prior to host cell invasion as a regulator of virulence in
response to changing oxygen concentrations in other species including E. coli and Shigella
flexneri (Crofts et al., 2018; Marteyn et al., 2010) and has been shown to activate SPI-1 and
motility/chemotaxis genes in S. Typhimurium (Fink ez al., 2007). Fink et al. also showed
that FNR was necessary for full virulence in murine macrophages but were unable to link
FNR and SPI-2. With the observation that low-level SPI-2 expression occurs at the intestinal
epithelial border prior to invasion (Brown et al., 2005; Osborne & Coombes, 2011) and that
an oxygen gradient is present in the same location (Marteyn et al., 2010), it follows that a
transcription factor (TF) that responds directly to changes in oxygen, FNR, would be the
prime candidate as a regulator of SPI-2 under these conditions. To our knowledge, there
have been no large-scale investigations identifying the involvement of FNR in controlling

SPI-2 expression in S. Typhimurium.

The aim of this chapter is to investigate the global changes in gene expression in an Afnr
mutant with a focus on Salmonella Pathogenicity Island 2, flagella and motility in S.
Typhimurium. We have used RNA-seq to investigate the FNR regulon under microaerobic
growth in MMA, a minimal medium with a glycerol carbon source and the alternative
electron acceptors fumarate and TMAO and verified these results with additional molecular
techniques. A general workflow of the main experimental procedure is outlined in Figure

3.1.
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Figure 3.1 Workflow of general experimental procedures for investigating the

regulation of SPI-2.

Wild-type (WT) and Afnr cells were grown under microaerobic conditions to ODggo 0.3 in
MMA and total RNA was extracted by Dr. Aoife Colgan for replicate 1 and by me for
replicate 2. ¢cDNA library preparation and sequencing were performed by Vertis
Biotechnologie AG. Mapping of sequence reads to the reference 4/74 genome and
calculation of TPM values were performed by Dr. Karsten Hokamp and Dr. Carsten Kroger

(Trinity College Dublin). Differential gene expression analysis, validation and downstream

analyses were performed by me.
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3.1.2 Bacterial transcriptome analysis using RNA-seq

RNA sequencing uses next-generation sequencing (NGS) to reveal the presence and quantity
of RNA in a given condition using high-throughput sequencing of cDNA libraries. Although
direct sequencing of yeast RNA on an array of nanopores has recently been demonstrated
(Garalde et al., 2018), cDNA sequencing or RNA-seq has been shown to generate highly
reproducible and reliable data for identifying and quantifying which genes are being actively
transcribed within Salmonella on a global scale (Colgan et al., 2016; Kroger et al., 2012;
2013). This technology provides a highly sensitive and dynamic method of transcriptome
profiling at single nucleotide resolution (Ozsolak & Milos, 2010). The cDNA libraries used
for RNA-seq in this study were generated from total RNA samples by Vertis Biotechnologie
AG, Freising, Germany and RNA-seq was performed using an Illumina Hiseq 2000
platform. No methods of RNA depletion were used in this study, but analysis was limited to
the sequencing reads that mapped to a single location on the chromosome (uniquely mapped
reads) and reads mapping to many rRNA genes or other paralogous genes were removed. A
systematic analysis of the effects of sequencing depth on discovery of rare transcripts
demonstrated that sequencing of 5-10 million reads of non-rRNA fragments provides
sufficient coverage of a bacterial transcriptome and is adequate to detect most expressed
genes (Haas et al., 2012). RNA-seq analysis pipelines and the use of TPM values to quantify
gene expression (Section 2.10.1) allowed identification of differentially expressed genes in

Afnr (Forstner et al., 2014; Wagner et al., 2012).

The use of RNA-seq to investigate the transcriptome of Afnr is helping to expand our
knowledge of the FNR regulon and how this regulator of anaerobic metabolism can also play
a role in regulation of Salmonella virulence-associated genes. Absolute expression values
(in TPM) for every chromosomal S. Typhimurium 4/74 gene in Afnr and wild-type

comparator strain, sequenced in this study, are available in Table S1 in Appendix I.
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3.2 Results

3.2.1 Strategy for experimental design

Mutants in fnr are either unable to grow anaerobically or grow far slower than the parental
strain in the presence of nonfermentable carbon sources and most terminal electron acceptors
(Lambden & Guest, 1976). This presents a problem when comparing the Afnr mutant to the
WT strain, as differences are due to direct effects of FNR and of growth rate. Past studies
have used glucose as a carbon source (Kang et al., 2005; Salmon et al., 2003), however
glucose represses expression from some FNR-activated genes due to catabolite repression,
(Browning et al., 2005; Lambden & Guest, 1976) and replacement of glucose by a less
repressing fermentable carbohydrate would decrease these effects but to an unknown extent.
To alleviate these problems Fink ef al. used MOPS buffered LB with xylose (Fink et al.,
2007). LB is known to induce SPI-1 expression from late exponential phase (ODgoo 1.0,
LEP) to early stationary phase (ODegoo 2.0, ESP) and by oxygen shock (Kroger et al., 2013),
but it can be problematic in physiological studies due to intrinsic differences in complex
components (Sridhar & Steele-Mortimer, 2016), and xylose is a fermentable carbon source
for Salmonella species (Rosenberg, 1980). Constantinidou et a/. found that using MMA with
fumarate and TMAO as alternative electron acceptors and glycerol as a non-fermentable
non-repressing carbon source allowed WT and an Afnr mutant in E. coli to have similar
growth rates (Constantinidou et al., 2006). We chose to use the same medium and growth
conditions, MMA and static growth, as Constantinidou et al. but, found that in S.
Typhimurium, growth rates of the WT and an isogenic Afnr mutant were not the same
(Figure 3.2A & B). The Afnr mutant grew significantly slower than the WT and a Assr4B
mutant. The growth rate of a mutant missing the ssrAB and fnr ORFs, AssrAB/fnr, was not
significantly different than WT. In a Assr4B mutant, all SPI-2 expression is turned off
(Colgan et al., 2016; Xu & Hensel, 2010) thus, the difference in growth between the WT
and Afnr could be due to expression of SPI-2 genes. These differences in growth and fitness
will be explored further in Chapter 5. Unless otherwise indicated, samples for all subsequent
experiments were taken when cultures reached an ODgoo of 0.3. A Northern blot was used
to show that our microaerobic growth condition was sufficiently oxygen limited for active
FNR protein to be present. WT and Afnr cultures were grown in MMA under aerobic
(aerated flasks) and microaerobic (static flasks) conditions; the FNR-dependent sSRNA FnrS
(Durand & Storz, 2010) was induced in the WT under microaerobic growth, but not aerated

conditions or in Afnr (Figure 3.2 C).
83



- WT
> -m= Afnr
3 1o | =2= AssrAB
o AssrABlfnr
O e A
8 014
®©
£
2
2 0.014
<

0.001 T T T T T 1
0

5 10 15 20 25 30
Time (h)
B
k%%
~~ 0.010- sk N
[ E
£ -
-
2 i i
§ 0.005- -
E
o
1G]
0.000 r . r r
WT Afnr AssrAB AssrAB/ffnr
C Aerobic Microaerobic
WT Afnr WT Afnr
FnrS L —

ss | .

Figure 3.2 Growth of 4/74 and isogenic mutants and expression of FnrS under
microaerobic conditions in MMA.

A. Growth curve of WT, Afnr, AssrAB and AssrAB/fnr. Strains were grown and sampled as
previously described (Section 2.2.3.2). The dotted line indicates ODsoo 0.3, where samples
were taken for all subsequent experiments. B. Best-fit growth rate determined from growth
curves in A. Statistical significance was determined by an Ordinary One-Way ANOVA with
Tukey’s multiple comparisons test, only significant differences are labeled, * = p < 0.05, **
=p <0.01, *** =p < 0.001, the error bars represent standard deviation. C. Northern blot
showing FnrS expression in MMA under aerobic and microaerobic conditions. 5S RNA was

probed as loading control.

84



3.2.2 Reproducibility of RNA-seq data

Inherent biological variability and random variation, such as that introduced during sample
preparation, are features of any assay used in microbiology. Replication of experiments is
necessary to identify and minimise the variation in experimental systems (Quackenbush,
2002), and to provide statistical significance for the acquired data. RNA-seq data has been
previously shown to be highly reproducible, even for independent samples (Colgan et al.,
2016; Kroger et al., 2013). The sequencing data used in this study were acquired in two
separate sequencing runs using independent RNA samples. Additionally, it was important
to show that our microaerobic growth condition was reproducible. It was, therefore,
important to quantify the reproducibility of the results between sequencing runs to compare
gene expression across both replicates. Independent biological replicates of WT and Afnr
grown to ODgoo 0.3 in microaerobic MMA were generated by Dr. Aoife Colgan and myself.
The reproducibility and robust nature of the RNA-seq-based transcriptomic data set and the
reproducibility of the microaerobic environment were confirmed using correlative analysis
of the independent biological replicates. WT and Afnr replicates had high values coefficient
of determination or R? of 0.9209 and 0.8844, respectively (Figure 3.3). During downstream
analyses, independently extracted RNA was used to validate many RNA-seq-based findings
by northern blot and RT-qPCR.
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Figure 3.3 High correlation of RNA-seq data from independent biological replicates.

RNA-seq-based transcriptomic data comparing log2 transcripts per million (TPM) values
from (A) wild-type and (B) Afnr cells grown to ODgoo 0.3 in MMA in microaerobic
conditions show a high level of correlation with an independent biological replicate
sequenced in a separate sequencing run. Media preparation, culture growth and RNA
isolation for replicate 1 was performed by Dr. Aoife Colgan, media preparation, culture

growth and RNA isolation for replicate 2 was performed by me.
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3.2.3 Absence of polar effects in Afnr

A polar mutation affects expression of downstream genes or operons and it is not desirable
in a strain to be used for determining differences in gene expression. The isogenic fir mutant
used in this study was constructed by Dr. Aoife Colgan using the Datsenko and Wanner
method of gene deletion (Datsenko & Wanner, 2000). This method involves replacing the
gene of interest with an antibiotic resistance cassette by homologous recombination. The
recombination event is mediated by the plasmid-encoded recombinase system of
Bacteriophage A (Murphy, 1998). The resistance cassette is amplified from a plasmid using
oligonucleotides which also contain sequences homologous to the DNA on either side of the
gene to be deleted. FLP recombinase target (FRT) sites flank the plasmid-encoded resistance
gene to allow for removal of the antibiotic resistance gene from the resultant mutant strain
using the pCP20 plasmid which encodes the yeast FLP recombinase (Cherepanov &
Wackernagel, 1995). Removal of the antibiotic resistance gene leaves an 82-85 bp scar
which contains an idealised ribosome binding site and a start codon to allow for expression
from the downstream gene. To avoid polar effects, the mutant was transduced into a clean
genetic background and then the kanamycin resistance cassette was removed. Figure 3.4
shows RNA-seq data from the region surrounding fnr in the WT and Afnr (visualised using
the Integrated Genome Browser IGB) (Nicol et al., 2009). In the WT, fur is expressed under
our growth condition, while no reads have mapped to the ORF of fir in the Afnr mutant,
indicating that the deletion was successful. The genes immediately up- and downstream of
fur are ogt and ydaA. Expression of ogt was only 1.34 fold up-regulated in Afnr, and it is
expressed from its own promoter and lies upstream of the deletion, indicating the small
difference is unlikely a polar effect. The ydaA gene is also encoded from its own promoter
but, lies downstream of the fir gene. Expression of ydad was reduced 2.18-fold in the
absence of FNR. The ydad gene encodes for the universal stress protein UspE in S.
Typhimurium, and expression of ydad is highest under anaerobic shock and during
anaerobic growth in WT cells (Kroger et al., 2013). It is possible that the ydaAd gene is
regulated by FNR under microaerobic and/or anaerobic conditions, resulting in the decrease
in ydaA expression in the Afnr mutant. In E. coli there is a regulatory link between FNR and
vdaA via GadX (Constantinidou et al., 2006; Hodges et al., 2010). There is no gadX
orthologue in S. Typhimurium but, it may be possible that an alternative regulatory link
exists between FNR and ydaA in Salmonella. Therefore, there were no polar effects from the
deletion of the fnr gene. Additionlly, an fir" complementation was created to corroborate

the absence of polar effects of the Afnr mutant.
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Figure 3.4 Confirmation of finr chromosomal deletion by RNA-seq.

WT

Afnr

Visualization of sequenced reads in the surrounding region of the deleted fnr open reading
frame in the mutant strain and WT, grown under microaerobic conditions in MMA, in the
Integrated Genome Browser. The tracks for the WT and Afnr mutant are blue and red,
respectively. The colours of each track represent the sequencing reads which map to that
locus and the height of the normalised reads is directly proportional to the level of expression
at that locus, the scale is 0—100 normalized reads for each sample. The tracks demonstrate
that fnr was expressed in the WT strain, and that no sequencing reads mapped to the deleted
region in Afnr. Neighbouring genes were generally not affected by polar mutations. White
arrows with a black outline denote protein-coding genes. Black bent arrows indicate TSS.
All arrows indicate the direction of transcription. The Afir deletion mutant was constructed

by Dr. Aoife Colgan.

3.2.4 Complementation of the Afnr mutant

Complementation of a mutant strain is important to show that any observed phenotype can
be rescued and therefore, that the observed phenotype is due to the mutation in question and
not a polar effect or additional unintended mutation. The Afnr mutant was complemented
both by cloning of fir and its native promoter (215 nt upstream) onto the pBR322 plasmid,
pfur, and by introducing the same cloned fragment onto the chromosome downstream of
gimS to create fur". The plasmid pfir overexpressed fur 36.8-fold over WT levels, but
rescued FnrS expression to approximately normal levels in the mutant (Figure 3.5).
However, in later experiments including motility assays and macrophage infections, pfnr
performed poorly, therefore the chromosomal complementation was constructed (See

Figure 2.1 in section 2.5.3). The advantage of a chromosomal complementation is that there
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is only a single copy of the gene, compared to plasmid complementation where multiple
copies are present in the cell, even when low-copy plasmids have been used. The
chromosomal complementation fnr', expressed fnr to levels slightly lower but not
significantly different from WT when examined by RT-qPCR, and rescued FnrS expression
on a Northern blot. A growth curve was performed in a microplate reader under anaerobic

conditions which showed fir" was able to restore WT growth (Figure 3.6).

Interestingly, Baek ef al. discovered a 66 nt unannotated ORF, named mia-44, in the fnr
promoter region beginning with a start codon 218 bp from the fur start codon in S.
Typhimurium 14028s (Baek et al., 2017). After many failed attempts at cloning fnr with 400
bp upstream of the fnr start codon new oligonucleotides were designed that eliminated the
putative ribosome binding site and ATG, leaving 215 bp of sequence upstream of the fir
start codon. A cloning attempt with the shorter sequence was immediately successful. This
finding indicates that overexpression of mia-44 may be toxic in E. coli, as cloning was

attempted in E. coli TOP10.
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Figure 3.5 pfnr overexpresses fnr but recues FnrS expression in Afnr.

RNA was extracted from cells grown to ODsoo 0.3 in microaerobic MMA. A. RT-qPCR data
showing fur expression relative to hemX. Statistical significance was determined by an
Ordinary One-Way ANOVA with Tukey’s multiple comparisons test, only significant
differences are labeled, *** = p < 0.001, the error bars represent standard deviation. B.
Northern blot showing FnrS expression is rescued by pfnr in the Afnr mutant. 5S RNA was

probed as loading control.
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Figure 3.6 fnr" rescues FnrS and fnr expression under microaerobic & anaerobic
conditions.

RNA was extracted from cells grown to ODsoo 0.3 in microaerobic MMA for A and B. A.
RT-qPCR data showing fir expression is shown relative to hemX. Statistical significance
was determined by an Ordinary One-Way ANOVA with Tukey’s multiple comparisons test,
only significant differences are labeled, ** = p < 0.01, *** = p < 0.001, the error bars
represent standard deviation. B. Northern blot showing FnrS expression is partially
recovered by the complementing strain fir* under microaerobic conditions in MMA. 5S
RNA was probed as loading control. C. Growth curve showing fnr" rescues growth rate of

the mutant in LB under anaerobic conditions performed by Dr. Daniel Ryan.
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3.2.5 RNA-seq determines differentially expressed genes in Afnr

The relative expression levels during microaerobic growth of all genes found in S.
Typhimurium 4/74 on the chromosome and its three plasmids, pCollb9, pRSF1010 and
pSLT can be observed in Figure 3.7. The log2 ratios of Afnr mutant TPM over WT TPM
were plotted against their location on the chromosome or plasmid. Genes which were below
the 2-fold cut-off (or between log2 of -1 to 1) were not considered to be differentially
expressed (DE). DE genes in the Afnr mutant when compared to WT were organized into
clusters of orthologous groups (COGs) according to the gene list in Table S2 in Appendix
IT with the addition of virulence genes, SRNAs and unknown genes (Figure 3.8). In total,
482 genes and sRNAs were regulated directly or indirectly by FNR under microaerobic
conditions in MMA. 286 genes were activated by FNR and 196 were repressed. Not
surprisingly, FNR activated many genes categorized into anaerobic metabolism.
Additionally, many genes from energy production and conversion were FNR activated.
Approximately 2/5 of these genes overlap with genes of anaerobic metabolism, and the
majority of the remaining genes in this category encoded NADH dehydrogenase subunits.
The vast majority of genes activated by FNR fell into the chemotaxis and motility, surface
structures, and cell motility and secretion categories which have a high degree of
redundancy. There were no genes categorized into drug analogues and resistance, protein
transport, or translation, ribosomal structure and biogenesis. Many unknown genes could not
be categorized as they had either unknown function, were poorly characterized or had only
a general predicted function. In total 56 unknown genes were activated by FNR and 86 were
repressed. The majority of genes found to be repressed by FNR did not fall into the typical
COG categories; These were virulence associated genes and SRNAs. The virulence genes

up-regulated in the Afnr mutant were predominantly SPI-2 encoded or associated genes.

The most interesting feature of this data set is the up-regulation of genes encoding SPI-2
regulators, T3SS apparatus proteins, effector proteins, and chaperones (Figure 3.9). The 15
kb portion of the pathogenicity island with genes for tetrathionate reductase and of unknown
function (Hensel, 2000) was not differentially expressed in Afnr due to the lack of
tetrathionate in the growth medium. Notably, many genes which are not encoded in SPI-2,
but that are induced in SPI-2 inducing conditions (Kroger et al., 2013) and many of which
are effectors that are secreted through the SPI-2 T3SS were also up-regulated in the Afnr
mutant. These included effectors such as pipB2, sifA, sifB, sopD2, sseJ, sseK2, sseL, steA,

and steC.
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Also up-regulated in Afinr were the genes from the spv (Sa/monella plasmid virulence) locus
found on the low-copy Salmonella virulence plasmid pSLT. The spv locus encodes the
spvABCD operon and a positive regulator spvR. SpvA is an outer membrane protein that can
dampen the expression of the operon, while SpvB, SpvC and SpvD are translocated into the
host cell by the SPI-2 T3SS. Genes from this locus are required for full virulence in mice
(Grabe et al., 2016; Guiney & Fierer, 2011; Passaris et al., 2018). Five PhoP-activated genes
(pag) were up-regulated in Afnr including the SPI-11 encoded outer membrane virulence
proteins pagC and pagD which are involved in intramacrophage survival (Gunn et al., 2000;
Sabbagh ef al., 2010), the bacteriophage encoded virulence protein pagk, flagella-
independent surface motility genes pagM, and inner membrane protein pagO (Gunn et al.,
2000; Park et al., 2015). All of these genes are upregulated under SPI-2 inducing conditions
and in macrophages (Kroger ef al., 2013; Srikumar et al., 2015).

Genes from SPI-1, SPI-3 and SPI-4 were not DE in Afnr and had low absolute expression in
both the WT and Afnr (Figure 3.10A, B, & C). The most down-regulated locus in our data
set was the SPI-5 encoded gene orfX which was 62-fold down-regulated in Afnr (Figure
3.10D). Very little is known about the specific function of orfX however it appears to be
important for infection of chicken, pigs and calves, but not in mice (Chaudhuri et al., 2013).
Also encoded in SPI-5, the effector protein pipB was up-regulated 8.5-fold in Afnr (Figure
3.10D). Similar to orfX, very little is known about the function of pipB however it is secreted
via the SPI-2 T3SS (Jennings et al., 2017).

DE genes which were down-regulated in Afnr included metabolism operons that were likely
upregulated in the WT because of the nutrients that were either available or missing in the
growth medium. These genes included proteins for cobalamin (vitamin Bi2) biosynthesis
(cbiFJKLMQT) and propanediol degradation (pduBDEGHJKMNQSYV). Previously, CRP
and ArcAB were shown to regulate these operons when cells were provided a poor carbon
source under aerobic conditions and anaerobic conditions (Ailion et al., 1993). This data
suggested that FNR may also play a role in the activation of these operons, and that since
there is no added propanediol in MMA, that S. Typhimurium could be converting glycerol
to propanediol. Interestingly, a recent proteomic study of Afnr in SL1344 showed that under
anaerobic growth in MOPS buffered LB with xylose, the propanediol utilization proteins
were up-regulated (Wang et al., 2019), suggesting a dual role for FNR in the regulation of
propanediol utilization dependent on available nutrients. We also saw down-regulation of

the glycerol metabolism operon glpABC, which has previously been described to be under
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the indirect control of Fur, but Fur binding sites were not found in the promoter (Troxell et
al., 2011). Expectedly, anaerobic metabolism genes necessary for nitrate, TMAO and
fumarate reduction, narJ, dmsABC and frdABCD, respectively were also down-regulated.
Genes encoding proteins for hydrogenase maturation AypBCDEO and hybABCDEFG
encoding a hydrogenase, HYD?2, that is responsible for uptake of hydrogen as an electron
donor during anaerobic respiration, with fumarate serving as an electron acceptor were both
down regulated in the absence of FNR. NADH hydrogenase I (NDH-I) catalyzes the first
step of electron transport by the oxidation of NADH and is the preferred NADH hydrogenase
under oxygen limited conditions as it is “energy conserving” (Price & Driessen, 2010).
NDH-I subunits are encoded by nuoABCEFGHIJKLMN and were downregulated in Afnr.
Finally, two outer membrane porins (OMPs) ompD and ompW were down-regulated in the
mutant. These OMPs are required for the efflux of methyl viologen, a charged quaternary
ammonium compound that generates ROS under aerobic growth conditions (Gil et al.,
2007). OmpW was also down-regulated in an Afnr mutant recent study grown under anerobic
conditions in MOPS-buffered LB with xylose (Wang ef al., 2019). The gene encoding
OmpW was highly down-regulated approximately 21.5-fold. These results suggest that FNR
is involved either indirectly or directly in the regulation of many different categories of

genes.
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Figure 3.8 Classification of FNR-regulated genes according to COGs.
Genes which were >2-fold differentiated were organized into COG categories according to (white panel) Table S2 in Appendix I, (light grey panel)

virulence associated genes and transcripts encoding sSRNAs, and (dark grey panel) unknown categories. Red and orange bars indicate FNR repressed and

activated genes, respectively. The complete list of genes in each category can be found in Table S3 in Appendix II.
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Figure 3.10 Low level absolute and
relative expression in SPI-1, 3, 4 and 5.
Visualization of relative gene expression
and sequenced reads at A. SPI-1, B. SPI-
3, C. SPI-4 and D. SPI-5 in the Afar
WT,

microaerobic conditions in MMA. Each

mutant  and grown  under

arrow represents a gene and the colour
represents the relative gene expression
according to the scale bar. The IGB tracks
for the WT and Afnr mutant are blue and
red, respectively. The colours of each
track represent the sequencing reads
which map to that locus and the height of
the normalised reads is directly
proportional to the level of expression at
is 0-100

that locus and the scale

normalized reads for each sample.



3.2.6 SPI-2 is derepressed in Afnr under microaerobic conditions in MMA

SPI-2 genes were some of the most up-regulated genes in the Afinr mutant according to RNA-
seq. Recently, the SPI-2 protein SsaH, encoded by ssaH, was found to regulate the secretion
of an inner rod and early substrate, Ssal, and to form a heterodimer with the chaperone
protein SseA, to switch to secretion of the needle protein SsaG (Takaya et al., 2019). SseA,
encoded by sseA, is essential for SPI-2-mediated translocation of effector proteins (Coombes
etal.,2003). The ssaH and ssed genes were 9.6- and 9.4-fold up-regulated in Afnr according
to RNA-seq; These data were validated by RT-qPCR of independent biological replicates.
Expression of ssaH in Afnr showed a 3.5-fold increase over WT (P < 0.01) (Figure 3.11A),
and expression of ssed increased 2-fold in Afnr over WT (P < 0.01) (Figure 3.11B).
Expression of ssaH and sseA in fnr" was not significantly different from WT, expression of
ssaH in WT was not significantly different from the negative control ssr¥4B, and expression
of sseA in WT was significantly higher than in Assr4B (Figure 3.11A & B). When WT,
Afnr and AssrAB were grown in microaerobic LB there was little expression of ssaH or sseA,
and these values were not significantly different (Figure 3.11C & D). Gene expression was
normalized to expression of the gene hem.X, that has the same level of expression in WT and
Afnr in MMA FT according to RNA-seq data. These RT-qPCR data confirm that FNR
represses expression of SPI-2 in WT and fur* S. Typhimurium cells grown in MMA under

microaerobic conditions.

To demonstrate the ability of FNR to block SPI-2 expression at decreasing O:
concentrations, we developed an assay using a soft MMA agar (1% agar w/v) that creates an
oxygen gradient within a test tube and strains with transcriptional fusion of the ssaG
promoter with gfp (Hautefort et al., 2003). Encoded by ssaG, SsaG proteins make up the
needle structure of the SPI-2 T3SS (Diepold & Wagner, 2014). Because FNR is only active
in oxygen-limited environments, cells growing at the surface of the agar would have inactive
or apo-FNR proteins, while cells growing deeper in the agar experience microaerobic and
anaerobic environments where FNR would form active homodimers (Figure 3.12A). WT,
fir" and AssrAB cells grown in the MMA soft agar could proliferate throughout the media,
while Afnr cells could only grow near the surface due to the lack of O> deep in the agar and
the absence of FNR in the cell preventing anaerobic respiration. The point at which Afnr
cells stopped growing is indicated with an arrow (Figure 3.12B). In WT and fir* cells, ssaG-

gfp* was expressed only at the surface of the agar, while in Afnr cells ssaG-gfp* expression
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was observed deeper into the agar, to the boundary of cell growth (Figure 3.12B). Active
FNR protein homodimers in WT and fir" repressed SPI-2 expression in the microaerobic
and anaerobic portions of the media; In Afnr, The FNR protein is absent therefore, SPI-2
was not repressed. The AssrAB mutant was used as a negative control for ssaG-gfp*
expression, and WT transformed with the pDIGc plasmid, which expresses GFP from a
strong promoter driving the expression of the ribosomal protein RpsM, was used as a
positive control for GFP expression to show how deep into the media GFP fluoresces

(Figure 3.12B).

Because cells can differ phenotypically when grown in agar versus in broth cultures, it was
important to verify that SPI-2 expression was derepressed in WT cells in aerobically grown
MMA broth cultures. WT, Afnr and AssrAB strains transformed with pPDEW201-Pg,.6, which
express [uxCDABE from the ssaG promoter, were grown in MMA to ODgoo 0.3 under
aerobic and microaerobic conditions. Expression of ssaG was significantly higher in aerated
WT samples than in static growth (p < 0.001): expression was 1.8 fold higher (Figure 3.13A
& B). In the Afnr mutant, microaerobic cultures had significantly higher expression than in
aerated samples (p < 0.05) however, they were less than 1-fold different, and there was no
expression in AssrAB under either growth condition (Figure 3.13A & B). Interestingly,
expression of ssaG in aerated WT cultures was not as high when compared to aerated Afnr

cultures, indicating there may be another factor involved.
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Figure 3.11 SPI-2 apparatus and effector expression is up-regulated in Afnr under
microaerobic conditions in MMA.

RT-qPCR data showing that cells grown under microaerobic conditions in MMA had A. ssaH
and B. ssed expression relative to hemX that was significantly higher in Afir than WT and

fnr+. RT-qPCR data showing that cells grown under microaerobic conditions in LB did not
have significantly different expression relative to semX of C. ssaH and D. sseA. Statistical
significance determined by Ordinary one-way ANOVA with Tukey's multiple comparisons
test compared to WT, ns = p > 0.05, * = p < 0.05, *** = p < 0.001, error bars represent

standard deviation.
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Figure 3.12 FNR blocks ssaG expression under low O; conditions.

A. Schematic explaining the presence or absence of active FNR dimers according to an
oxygen gradient formed by 1% agar in MMA. B. Oxygen gradient gene expression assay
demonstrating the ability of FNR to block ssaG-gfp* expression under low O, concentrations
after 72 h. The top panel shows GFP expression in cells grown in MMA. The bottom panel
shows bacterial growth of the same cultures in the 1% agar. The white arrow indicates the

point at which the Afnr mutant can no longer grow due to low O concentration.
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Figure 3.13 SPI-2 expression is increased in WT under aerobiosis.

Cells were grown in MMA under aerobic and microaerobic conditions to ODeoo 0.3; A. Psuc
expression is shown in relative luminescence units over absorbance (RLU/ODsgo) for WT,
Afnr and AssrAB. Statistical significance was determined between aerobic and anaerobic
cultures using a two way ANOVA and Sidak’s multiple comparisons test, only significant
differences are shown; * =p <0.05, *** =p < 0.001, error bars represent standard deviation.

B. log2 fold change in average aerobic over microaerobic Py.c expression.
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3.2.7 Expression and secretion of effector proteins

The S. Typhimurium chromosome encodes for two type III secretion systems, T3SS-1 and
T3SS-2, encoded on the pathogenicity islands SPI-1 and SPI-2, respectively. Several effector
proteins are secreted through these systems into host cells. The cellular location of effectors
examined by Western blot in this study are SPI-2 effectors PipB2 and SteC, and SPI-1
effector SopE. PipB2 is described as a “core” effector of SPI-2 although it is encoded outside
of the SPI-2 locus (Jennings et al., 2017). PipB2 is responsible for recruiting the host protein
kinesin-1, a heterotetrameric, plus-end-directed microtubule motor protein, to the SCV as
part of the process of Salmonella-induced tubule formation (Henry et al., 2005; Jennings et
al., 2017). PipB2 is typically expressed in conjunction with SPI-2 encoded effector proteins
although, it is secreted through both the T3SS-1 and T3SS-2 at different time points during
infection (Bais6n-Olmo et al., 2012). The effector SteC is not encoded within the SPI-2
locus, but it is exclusively expressed under SPI-2 inducing conditions, inside epithelial cells
and macrophages, and is secreted through T3SS-2 (Jennings et al., 2017). SteC is found
within the majority of intestinal serovars of S. Typhimurium; it is a kinase that manipulates
the actin cytoskeleton by inducing assembly of the F-actin meshwork around the SCV inside
of host cells (Jennings et al., 2017). SopE is a guanidyl exchange factor, is translocated by
the T3SS-1 upon host cell contact and promotes entry through triggering of actin-dependent
ruffles (Galan & Zhou, 2000). Following host cell entry, SopE undergoes proteasomal
degradation however, a subset of SopE may be important for replication in the early SCV

(Vonaesch et al., 2014).

Strains with 3xFLAG-tagged PipB2 and SteC proteins were grown in microaerobic MMA
and aerobic SPI-2 inducing PCN (InSPI2) as a control. PipB2 levels were indistinguishable
between WT, Afnr and hilD mutants in MMA, while there was no expression in AssrAB
(Figure 3.14A). Surprisingly, there was higher PipB2 expression in Afir when grown in
aerated InSPI2, and a small amount of expression in Assr4B (Figure 3.14A). When grown
in microaerobic MMA, SteC expression was clearly higher in Afir than the other strains, but
showed similar levels between WT, Afnr and AhilD when aerobically grown in InSPI2
(Figure 3.14B).

T3SS delivery is a contact-dependent process characterized by the formation of a pore, or
translocon, at the point of contact with the eukaryotic membrane and through which effectors

are delivered into the host cell. Effector secretion into broth during in vitro culturing has
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been observed, usually under acidic conditions which mimic the acidification of the SCV
(Beuzodn et al., 2002). We hypothesized that effectors would not be secreted in MMA due to
the neutral pH of the media. We attempted to see if SPI-2 effectors were secreted in MMA
media. Whole cell lysates and culture supernatants were loaded on the same gel and probed
with antibody on the same membrane. Figure 3.15A and B show that although there was
high levels of PipB2 expression in both MMA and inSPI-2 cultures, we were unable to detect
secreted protein by ponceau staining or Western blotting despite loading 50 OD units of
culture supernatant. It is not clear if this was due to this protein not being secreted under
these culturing conditions or if precipitation of the protein was not effificient. We did
confirm, in agreement with RNA-seq data, that SPI-1 effector SopE was not expressed and
therefore not secreted in microaerobic MMA (Figure 3.15C & E). As expected SopE was
highly expressed in WT, Afnr and AssrAB and not expressed in AkilD in aerated LB Miller
and secreted from the strains in which it was expressed (Figure 3.15D). To verify that there
was no expression of SopE in microaerobic MMA, whole cell lysates from MMA cultures
and aerated LB Miller cultures were loaded onto the same gel and probed on the same
membrane for the 3xFLAG and DnaK as a control. Interestingly, AhilA strains with
3xFLAG-tagged steC and sopE were constructed for these experiments as controls under
SPI-1 and SPI-2 inducing conditions; However, the AhilA strains did not increase in ODgoo
over 48 h in microaerobic MMA. Therefore, AhilD strains were constructed and used as a

substitute.

A PipB2 B SteC

WT  Afnr AssrAB AhilD WT  Afnr AssrAB AhilD
< (Do | o— FLAG
= =
= Dnak = | w— e w—| DnaK
~ | FLAG N —
T L = FLAG
2 . ¥ - . | DnaK Ug) e S w— w— D)oK

Figure 3.14 Expression of SPI-2 effector proteins.

Cells with a A. pipB2-3xFLAG::kan and B. steC-3xFLAG::kan were grown to ODsoo 0.3 in
microaerobic MMA or to ODgoo 1.0 in aerated inSPI-2. 1 and 5 OD unit of lysed cells from
inSPI-2 and MMA cultures, respectively, were loaded into each lane of the SDS-PAGE gel.
Membranes were probed with anti-FLAG M2 and anti-DnakK antibodies.
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Figure 3.15 Secretion of SPI-1 and SPI-2 effector proteins.

Cells with pipB2-3xFLAG::kan were grown in A. MMA and B. InSPI2 media, and cells
with sopE-3xFLAG::kan were grown in C. MMA and D. LB Miller to ODgoo 0.3 in
microaerobic MMA or to ODgoo 1.0 in aerated InSP12 and LB Miller. From MMA cultures
5 and 50 OD units were loaded for whole cell lysates and supernatants respectively; From
rich media cultures 1 OD unit was loaded for whole cell lysates, and from inSPI-2 and LB
Miller supernatants 50 and 10 OD units were loaded, respectively. An arrow indicates the
would be location of SopE-3xFLAG in C. E. Show strains with sopE-3xFLAG::kan whole
cell lysates only of MMA and LB Miller cultures. Membranes were probed with anti-FLAG
M2 and anti-DnaK antibodies.

3.2.8 Repression of motility in Afnr

The ability of S. Typhimurium to thrive in the gut is critical for transmission to new hosts.
Using chemotaxis and flagella, they seek out nutrients and host cells. Flagellated
subpopulations of S. Typhimurium accumulate proximal to the gut mucosa, the location of
an oxygen gradient (Marteyn et al., 2010; 2011; Stecher et al., 2008). Fink et al. have shown
under anaerobic growth conditions in MOPS-LB-X that chemotaxis, motility and flagellar
genes were down-regulated (Fink et al., 2007). Our RNA-seq data show that motility,
chemotaxis and flagellar gene expression is also repressed in the Afnr mutant under microaerobic
conditions in MMA (Figure 3.16). All genes encoding proponents of the bacterial chemotaxis
pathway were down-regulated >2-fold except cheC, cheD and cheV. Four of the methyl-
accepting chemotaxis proteins (MCPs) aer, cheM, trg and tsr were also down regulated >2-fold
in Afnr (Figure 3.17A). MCPs are the receptors at the beginning of the chemotaxis signal
transduction cascade that process environmental and intracellular sensory (input) signals and
alter the activity of the CheAY TCS (Wuichet et al., 2007). All genes encoding components of
the flagellum were down-regulated >2-fold including the motor, the C- and MS-ring of the
cytoplasmic membrane, proximal and distal rods, the P- and L-rings, the hook, filament and

hook-filament junction, as well as the filament cap (Figure 3.17B).

Therefore, strains were compared for swimming motility. Under aerobic conditions WT and Afnr
were equally motile (Figure 3.18A). Under anaerobic conditions, WT was motile while Afur
exhibited limited motility. The pfir and fir" strains complemented motility under anaerobic

conditions in the mutant approximately 69% and 94%, respectively (Figure 3.18A & B). Thus,

107



the activating activity of FNR only motility only occurs under microaerobic and anaerobic
conditions, as expected. The /ns-1 mutant is known to be non-motile but not deficient in growth,
as H-NS is positive regulator of fIADC (Donato & Kawula, 1999) and was used as a negative
control for swimming motility. To determine whether the reduced motility of the Afinr strain was
due to lack of flagella, WT and Afnr cells were examined by AFM for the presence of flagella.
The distinction between the WT and mutant was clear, WT cells had abundant peritrichous
flagella, while Afnr had very few flagella present (Figure 3.18C). The atomic force microscopy
(AFM) images also allowed us to examine the cell morphology; WT and Afnr cell were found
to not be significantly different in size (Figure 3.18D). When cells grown microaerobically in
MMA where examined using the hanging drop method, WT cells were motile while Afnr cells
exhibited only Brownian movement. Under anaerobic conditions, Afnr had reduced motility on

swimming plates and in microaerobic MMA broth.
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Figure 3.16 Down regulation of genes at major chemotaxis and flagellar loci.

Visualization of relative gene expression and sequenced reads at 3 chemotaxis, motility and
flagellar gene loci in the Afnr mutant and WT, grown under microaerobic conditions in
MMA. Each arrow represents a gene and the colour represents the relative gene expression
according to the scale bar. The IGB tracks for the WT and Afnr mutant are blue and red,
respectively. The colours of each track represent the sequencing reads which map to that
locus and the height of the normalised reads is directly proportional to the level of expression

at that locus.
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3.2.9 Regulation of small RNAs

Gene expression is carefully co-ordinated in response to environmental, spatial and temporal
stimuli for the survival and successful infection inside the host. This must all occur without
incurring fitness costs as a result of inappropriate gene expression. Gene expression is
controlled at all levels from transcription initiation to translation. Post-transcriptional control
of gene expression is important and often overlooked; This gene regulation is often mediated
by small, regulatory non-coding RNAs (sRNAs). In our RNA-seq data set 42 SRNAs were
identified as DE: 35 were up-regulated and 7 were down-regulated in the Afnr mutant (Table
3.1 &3.2).

The 7 down-regulated SRNAs from our dataset can be seen in Table 3.1. Not surprisingly,
FnrS, the FNR dependent sSRNA was the most down regulated, and this decrease in
expression was consistent with data from cells under oxygen shock. The FNR dependency
of FnrS had previously only been shown in E. coli (Boysen et al., 2010; Durand & Storz,
2010); the regulation appears to be conserved in our study. Another SRNA both down
regulated under oxygen shock and in Afnr was STnc1340, an uncharacterized 82 nt SRNA.
All but 1 of the down-regulated RNAs had unsuccessful transposon insertion from TraDIS
data. STnc1560 is also an uncharacterized sSRNA and is activated by RpoS (Lévi-Meyrueis
et al., 2014). Surprisingly, 2 sRNAs which were downregulated in Afnr, STnc070 and
STnc4180, are up-regulated when there is an oxygen shock (Kroger et al., 2013).

Of the 35 up-regulated sRNAs in the FNR regulon, 3 have previously been reported to have
a SPI-2 like pattern of expression (Table 3.2) (Colgan et al., 2016). IsrH [ 2, PinT and
STnc1480 had a high degree of correlation (>0.8) with the ssaG pattern of expression
(Colgan et al., 2016). IsrH 1 2 is comprised of two overlapping sRNAs, IsrH-1 and IsrH-
2, which are 480 nt and 250 nt, respectively. IsrH-1 shares an overlapping sequence at the
5" end of sseL and is expressed inversely to the SPI-2 effector, and IsrH-2 overlaps the 3’
end of glpC, (encoding the Glycerol-3-phosphate dehydrogenase small subunit) of the
glpABC operon and is induced under anaerobic conditions (Padalon-Brauch et al., 2008).
PinT is a 80 nt PhoP-activated sSRNA, which upon bacterial internalization temporally
controls the transition from invasion (SPI-1) to intracellular survival (SPI-2) (Westermann
et al., 2016). STncl480 is a 400 nt intergenic SRNA which, in a similar fashion to ssr4B
promoters, is silenced by H-NS, and repression of the SRNA is countered by SlyA and PhoP
(Colgan et al., 2016). All three sSRNAs are highly upregulated in SPI-2 inducing conditions
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as well as in macrophage and activated by important regulators of SPI-2: SsrB, OmpR, PhoP
and SlyA (Colgan et al., 2016; Kroger et al., 2013; Srikumar ef al., 2015). The most highly
upregulated SRNA was GcvB. GevB is a globally acting sSRNA that regulates a post-
transcriptional that influences approximately 1% of the Sa/monella genome including the
global regulator Lrp (Sharma et al., 2007; 2011). Interestingly, the GcvB regulon overlaps
with the DapZ regulon (Chao et al., 2012), another sSRNA that was up-regulated in Afnr.
These riboregulators transiently downregulate amino acid and peptide transporters, which

may be important for efficient host cell invasion (Miyakoshi, 2019).

To investigate if any of the up-regulated sRNAs play an important role during S.
Typhimurium infection, published data from a transposon-directed insertion site sequencing
(TraDIS) study was interrogated. In the study, high-throughput sequencing of insertion sites
of pools of S. Typhimurium 4/74 transposon mutants, following oral infections of chicken,
pigs and calves were compared to an input inoculum (Chaudhuri et al., 2013). The ratio of
input to output reads was used to calculate the fitness score of each mutant. Transposon
insertions that result in significant attenuation of the mutant strain were located in the three
SPI2-like sSRNAs as well as three others: STnc1330, STnc1920 and #pke70 (Table 3.2).
STnc1330 is a 141 nt sSRNA regulated by RpoS and PhoPQ (Perez-Sepulveda & Hinton,
2018), STnc1920 is a 98 nt uncharacterized sRNA, and tpke70 is predicted to regulated
nitrate reductase genes napG and napD in E. coli (Ishchukov ef al., 2014).

3.2.9.1 FNR regulation of SRNAs in the context of a transcriptional network

Many sRNAs are still uncharacterized therefore, it is difficult to gain insight to their
importance from a single RNA-seq experiment. For this reason, the SRNAs from our data
were compared with those found in the regulons of 18 regulatory proteins in S.
Typhimurium. Relative expression values of SRNAs found in the FNR regulon were taken
from SalComRegulon, and DE sRNAs with fold-change of >2 were plotted (Figure 3.19).
Of'the 42 sRNAs found to be DE in Afir, only 4 were regulated by FNR alone: tpke70, IsrM,
IsrN and STnc350. All four of these sSRNAs were found to be putatively repressed. IsrM is
important for invasion of epithelial cells, intracellular replication inside macrophages,
virulence and colonisation in mice (Padalon-Brauch et al., 2008). It targets the SopA and
HilE mRNAs, virulence factors essential for bacterial invasion (Gong et al., 2011). IsrN has
been shown to be important for the early stages of intracellular survival (Padalon-Brauch et

al.,2008). As described previously, tpke70 is also important for virulence in pigs and calves
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(Chaudhuri et al., 2013). STnc350 is an uncharacterized sSRNA. Many of the sRNAs

regulated by FNR are also regulated by other TFs including 24 sRNAs in common with Fur,
23 with RpoS, 20 with Hfq, 18 with SlyA, 16 with SsrA/B and 15 in common with both

OmpR/EnvZ and HilD. This substantial overlap with important regulators of S.

Typhimurium virulence regulators provides support that FNR is also intrinsically embedded

in the complicated regulatory network controlling virulence (Figure 3.19).

Table 3.1 sSRNAs down-regulated in Afnr

Oxygen TraDIS

sRNA Strand Start End Afnr/WT Shock®  aftenuation®
STnc400 + 4072457 4072530 -
STnc070 + 669642 669793 -
STnc4180 - 109243 109322 -
STnc1340 - 2319956 2320037 -
STnc840 + 1224244 1224316 -
STncl560 + 2449075 2449183 No
FnrS - 1706784 1706905 -

aPData from Kroger et al. 2013
"Data from Chaudhuri ef al., 2013
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Table 3.2 sSRNASs up-regulated in Afnr

sRNA Strand Start

IsrH 1 2
PinT
STnc1480
STnecl50
STne3150
STne3750
STnc980
GevB

Isrl
IsrM
IsrN
Rpr4
RyeB
RyhB-2
SraL
SRNAI12
STnc1150
STnc1220
STncl1330
STnec1700
STncl870
STnc1920
STnc2030
STne3000
STne310
STne3120
STne3210
DapZ
STnc3440
STne350
STne380
STnc4000
STnc4010
STnc890
tpke70

+ o+ o+ + o+ o+ o+ o+ o+

2392019
4580486
1316874
1282521
3273499
2503726
889558
3156779
2759018
2927616
2929501
1401682
1925621
1309727
4526163
3755045
2222979
1448718
2268274
386381
617317
2756549
1784673
4591419
3413972
4249943
17025
74847
1303294
3782696
3906945
3619657
3729767
14720
2513324

End Afinr/WT InSPI2* Macrophage® SPI-2 TraDIS
like® attenuation?
2392469 Yes Yes
4580566 Yes Yes®
1317268 2.54 Yes Yes
1282677 2.21 2.91 No -
3273824 2.07 2.45 2.09 No No
2503803 2.36 2.93 No -
889714 2.46 1.77 2.21 No -
3156979 - 0.95 m No -
2759265 2.38 1.63 1.66  No -
2927944 24 1 1 No -
2929643 2.35 1 - No -
1401790 2.58 No -
1925723 2.48 No -
1309937 2.31 No -
4526303 2.18 No -
3755125 2.78 1.37 No -
2223134 2.79 0.98 No -
1448790 2.75 1.68 No -
2268414 2.05 2.3 No Yes®
386476 2.5 2.47 No -
617426 2.54 1.62 No -
2756646 2.08 No Yes
1784725 No -
4591506 No -
3414032 No _
4250101 No -
17111 No -
74924 No -
1303380 No -
3782857 No No
3907052 No -
3619755 No -
3729899 No -
14783 No No
2513722 2.25 1 1 No Yes®

*Data from Kroger et al. 2013
*Data from Srikumar et al., 2014
‘Data from Colgan et al., 2016
Data from Chaudhuri et al., 2013
“Attenuated in pig and calf only
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Figure 3.19 Regulatory network of FNR regulated sRNAs.

Regulatory network was generated using software from www.cytoscape.org. Regulatory
interactions are based on mutant RNA-seq data from this study and Colgan et al., 2016. DE
sRNA genes that are down-regulated in a mutant strain lacking a TF or o-factor (regulatory
protein) are putatively activated by that regulatory protein, and the interaction is represented
using a red arrow from the source node (regulatory protein) to the target node (sSRNA). DE
sRNA genes that are up-regulated in a mutant lacking a certain regulatory protein are
putatively repressed by that regulatory protein, and the interaction is represented using a blue
T-shaped line from the source to the target node. The length of each line is representative of
the strength of the putative interaction: nodes representing SRNAs which show higher fold-
increase or decrease in a mutant strain are located closer to that regulatory protein.
Regulatory proteins are hexagonal in shape and white except FNR which is black, SRNAs

are circular and grey.
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3.3 Discussion

To our knowledge, the work presented here is the first large scale transcriptomic study that
has been carried out in an Afnr mutant of S. Typhimurium using high throughput next
generation sequencing. We were able to corroborate existing data associating FNR as an
activator of anaerobic metabolism, cell motility and chemotaxis, and reveal FNR as a newly
identified repressor of Salmonella pathogenicity island 2. The use of RNA-seq rather than
microarray-based technology has also allowed us to identify differentially expressed small

non-coding RNAs in an Afnr background.

3.3.1 SPI-2 expression in MMA

It was unusual to see SPI-2 expression in the MMA media as it possesses nearly the opposite
signals that are typically necessary for SPI-2 induction (Deiwick et al., 1999; Lober et al.,
2006; Xu & Hensel, 2010). The medium contains high concentrations of Mg?" and P;
compared to the SPI-2 inducing media that has been used in the past, as well as neutral pH.
However, we see minimal SPI-2 expression in the WT under microaerobic conditions, and
those level increase nearly 2-fold when the media is aerated; in the absence of FNR we see
very high induction of SPI-2 regardless of the aeration (Figure 3.13). This indicates that
there may be another factor involved as we expected SPI-2 expression in aerated WT
cultures to reach the same level of expression. However, it is unclear if ODgoo of 0.3 in the
WT and Afnr are the same stage of growth as in microaerobic cultures therefore, a growth
curve should be completed under aerated conditions in MMA. Perhaps a more informative
experiment would be to grow cultures microaerobically to an ODgoo of 0.3 and then perform
an oxygen shock whilst measuring gene expression throughout. Also, it is apparent that
another metabolic signal, in addition to oxygen, is important for regulation of SPI-1 or SPI-
2 as expression of these genes are differentially expressed in Afnr in different growth media
(Figure 3.9, Figure 3.10A) (Fink et al., 2007). We may also see expression of SPI-2 in
microaerobic MMA, as the expression we measured is from across the gradient in the flasks
as the samples taken are a mixture of the culture. It would be informative to be able to
measure the concentration of oxygen precisely of our cultures. Although the measurements
that have been taken were consistent over different biological replicates (Figure 3.3) it
would be ideal to have a more homogeneous culture from which to take measurements. The
oxygen gradient gene expression assay (Figure 3.12) could also be improved to eliminate
the confounding factor of differences in density of cell growth throughout the medium.
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Because of the nature of GFP, it folds more slowly under low oxygen conditions, therefore
to have adequate growth in the medium the assays were left to incubate for 72 h. If the assays
were redone with our luminescent pPDEW201-Pssc containing strains we could likely
measure Pguc expression much earlier as the /ux operon requires less posttranslational
modifications and luminescences earlier than GFP fluoresces under low oxygen conditions.
This would reduce the accumulation of cells at the surface of the agar and allow us to more
easily visualize which cells are expressing SPI-2. The other problem with this assay is that
again we cannot measure the exact concentration of oxygen throughout the medium, but it

still provides a simple visualization of expression under a gradient of oxygen concentrations.

3.3.2 Motility and chemotaxis

Although there are some major differences between the Fink ef al. FNR regulon and the one
reported here, these are almost certainly due to the difference in growth conditions between
the studies, and differences between the S. Typhimurium strains 4/74 (used in this study)
and 14028S (Clark et al., 2011; Hoiseth & Stocker, 1981; Kroger et al., 2012; Richardson
et al., 2011). Here we have grown cells in microaerobic conditions in a minimal medium
(MMA) with a glycerol carbon source, whereas the Fink et al. study grew cells anaerobically
in MOPS buffered LB with added xylose (Fink et al., 2007). Core anaerobic metabolism
genes were found to be DE in both studies because their expression is more dependent on
the availability of oxygen than other nutrients. Interestingly, flagellar, motility and
chemotaxis genes were also found to be highly down-regulated in both studies. This may
indicate that for expression at these loci, the availability of oxygen is more important than

other nutrients or environmental signals.

3.3.3 Regulation of sSRNAs by FNR

Many of sRNAs regulated by FNR are also regulated by Fur (Figure 3.19). Although the
functional state of FNR during aerobic/anaerobic switch is not regulated by iron content and
reversible binding of Fe?* under physiological conditions, and FNR does not communicate
with the iron pool regulating the Fur protein (Niehaus ef al., 1991), they share many genes
in their regulons including flagellar genes and SPI-1 genes (Colgan ef al., 2016). In the
Colgan et al. study the Fur regulon was investigated under ESP growth in LB, which is closer

to the growth conditions found in the Fink ef a/. microarray study (Colgan et al., 2016; Fink
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et al., 2007). If grown in MMA medium, it is possible that absence of Fur may result in up-

regulation of SPI-2 genes, based on the similarities of the regulons.

There were 3 sSRNAs upregulated in Afir that have been previously described as SPI-2-like
as well as may other which are upregulated in SPI-2 inducing conditions and macrophages,
and 6 sRNAs that have been linked to attenuation of virulence in food animals (Table 3.2);
additionally, important virulence SRNAs Is#M and IsrN were found to be regulated by only
FNR. Furthermore, IstM is differentially expressed in vivo, with higher expression in the
ileum than in the spleen (Gong et al., 2011), the site where we propose FNR exerts control
over virulence genes. In a recent study, deletion of FnrS led to increased HilD production
under low aeration conditions, and FnrS could bind to the #i/D mRNA 5’ UTR, resulting in
translational repression (Kim et al., 2018). The authors discuss the importance of FnrS on
SPI-1 expression however fail to mention the potential impact of HilD-mediated crosstalk
between SPI-1 and SPI-2 (Bustamante ef al., 2008). Our data reveal that FnrS expression is
dramatically decreased in Afnr and in aerated WT cultures (Figure 3.2C), and SPI-2
expression is increased under these conditions (Figure 3.13); in the absence of FnrS, HilD
levels may be increased, contributing to the SPI-2 induction phenotype that we have
observed. These data confirm that FNR is an important regulator of sSRNAs involved in

virulence.

3.3.4 Comparison of FNR regulons

While comparisons to the FNR regulon in E. coli can be useful for widely conserved genes,
Salmonella specific genes are obviously missed. The only existing study identifying the FNR
regulon in S. Typhimurium through transcriptomic data was published in 2007 and was
accomplished using a DNA microarray (Fink et al., 2007). The drawbacks to using
microarrays for transcriptomic analysis include low resolution with high background due to
non-specific hybridisation between cDNA and probes (Aikawa et al., 2010) and the dynamic
range of microarrays is limited by the use of fluorescently-labelled DNA, detection of which
can be saturated and subtle changes in gene expression may not be detected. RNA-seq allows
all transcription to be studied without bias and without prior knowledge of the DNA
sequences that are being transcribed, and with no limits on the dynamic range (Croucher &
Thomson, 2010). The use of RNA-seq in this study as well as a different growth condition
allows us to expand the existing FNR regulon to include new genes as well as not previously

identified sSRNAs.
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In this study, the FNR regulon was examined under microaerobic conditions in MMA and
analysed by RNA-seq. In Figure 3.20 the FNR regulon as determined by this study was
compared to the FNR regulon under anaerobic conditions in MOPs buffered LB with xylose
as determined by microarray analysis (Fink et al., 2007). Only genes with >2.5-fold change
in expression in the Afinr mutant compared to WT were included in the comparison between
the two studies. In total 75 genes were found in common in both regulons (Figure 3.20A).
Sixty-nine genes in common were down-regulated in both studies (Figure 3.20B). These
comprised mostly of genes which encode components of flagella biosynthesis, motility and
chemotaxis regulons (discussed in more detail in Section 3.2.8) and genes involved in
anaerobic systems, including aer, dmsABC, dmsAl, dmsA2, nrdD, nrfA, STM2530, and
STM4305 — 4307. The Salmonella specific virulence proteins encoded by srf4BC were also
found to be down regulated in both studies. These SsrB-regulated factors are horizontally
acquired genes and as the name would indicate, regulated by the SPI-2 encoded SsrB protein,
but are expressed in SPI-1 inducing conditions and have been found to be repressed by PhoP

and RcsB (Garcia-Calderon et al., 2007; Worley et al., 2000).

Interestingly, 3 genes found to be up-regulated in the microarray study, were down-regulated
in our data set: dcuB, fumB and nuoJ. DcuB functions primarily as a fumarate:succinate
antiporter during anaerobic fumarate respiration (Six ef al., 1994) and FumB is one of three
fumarase isozymes participating in the TCA cycle (Woods ef al., 1988). These two proteins
are involved in anaerobic metabolism and are induced under anaerobic conditions in E. coli,
consistent with our data. NuoJ is part of the inner membrane component of NADH
dehydrogenase I and is typically repressed by FNR (Leif et al., 1995), which is consistent
with data from Fink et al. Additionally, one gene that was down-regulated in Fink et al. was
upregulated in our study. This was the osmY gene, that encodes for the periplasmic
chaperone protein OsmY, that is induced under conditions of hyperosmotic stress (Yim &
Villarejo, 1992). These discrepancies between the regulons indicate FNR can activate and

repress expression of genes depending on the growth conditions.

Also identified in this study were 42 sSRNAs which were DE in Afir. None of these SRNA
genes could be detected by the microarray analysis. Included in this group is the SRNA FnrsS,
which is an anaerobically-inducible, FNR-dependent SRNA conserved in E. coli (Boysen et

al.,2010; Durand & Storz, 2010). Recently, FnrS was found to regulate SPI-1 expression by
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repression of 4ilD translation (Kim et al., 2018). These will be discussed further in Section

3.2.9.

Many of the genes which are only DE in the microarray-based study included genes
encoding SPI-1 regulators, components of the T3SS and effector proteins. In our data set,
expression of SPI-1 genes in Afnr generally trended downward however their differential
expression was less than 2.5-fold and the genes were either not or only lowly expressed in
the WT and Afnr under microaerobic growth in MMA (Figure 3.10A). It is unclear from the
Fink et al. study whether SPI-l-associated genes are directly regulated by FNR or if the FNR-
dependence of these genes is due to FNR-mediated down-regulation of the genes encoding
FliZ and FliA, which play roles in the regulation of SPI-l (Lucas & Lee, 2001). Another
explanation may be that the disruption in anaerobic metabolism in the absence of FNR leads
to induction of 4il4 via BarA/SirA, due to accumulation of fatty acid metabolites, such as
acetate (Lawhon ef al., 2002). As mentioned previously, FnrS which was not identified in
the Fink e al. study has recently been implicated in repression of 4ilD translation (Kim et
al., 2018), and thus may have played a role down-regulation of SPI-1 under the growth
conditions in Fink et al. (Fink et al., 2007). The differences in oxygen levels and thus in
differential anaerobic metabolism gene expression may account for the variation in SPI-1
gene expression between the two studies. Another difference in the data sets were the
significant number of genes encoding proteins for ethanolamine utilization in Fink et al.
study that were not identified in our dataset. Ethanolamine is available in the host and can
be used by S. Typhimurium as a source of carbon, nitrogen, and energy to outcompete host
microbiota but, is not necessary for virulence in mice (Thiennimitr ez al., 2011). The lack of
expression at this operon could be explained by the absence of ethanolamine in MMA, or
the expression may have to do with a component of LB as eut genes are upregulated in LB

in anaerobic growth (Kroger et al., 2013).

The most striking difference between the two datasets is the increased expression of genes
encoding SPI-2 regulators, components of the T3SS apparatus and effector proteins in this
study (Figure 3.7 & Figure 3.9). These genes are not up-regulated in Afnr in the study by
Fink et al, except for sopD2 and sseL, which are common to both datasets (Figure 3.20C).
In the microarray study sopD2 and sseL were up-regulated in Afnr 3.0- and 3.5-fold
respectively, in this study, they were up-regulated 7.9- and 6.4-fold. These effectors proteins
are expressed in SPI-2 inducing conditions and in macrophages but, are not encoded within

SPI-2 (Kroger et al., 2013; Srikumar et al., 2015). SopD2 is important for formation of
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Salmonella-induced filaments and interference with endosome to lysosome trafficking,
while SseL induces late macrophage cell death (Jennings et al., 2017). Fink et al. did not
detect differential gene expression of any other of SPI-2 genes, however they found that the
Afnr mutant is attenuated for survival and replication within murine macrophages. This
result would be consistent with FNR regulation of SPI-2 gene expression but was not

detected under the conditions used in the microarray-based study.

A >25-Fold Differential Expression Afnr

Fink et al., 2007

B 22.5-Fold Down-Regulated Afnr

Fink et al., 2007

C >2 5-Fold Up-Regulated Afnr

Fink et al., 2007

Figure 3.20 Comparison of FNR regulons.

FNR regulon under micro-aerobic conditions, as analysed by RNA-seq (this study, blue
circles), compared to the FNR regulon under anaerobic conditions as determined by
microarray (Fink et al., 2007, yellow circles). Comparisons were made between genes that
were >2.5-fold DE in an Afnr mutant where A. compares the entire regulon, B. compares

down-regulated genes, and C. compares up-regulated genes.
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3.3.5 The benefits and limitations of an RNA-seq-based approach for the investigation of

bacterial regulons

RNA-seq provides convenient and precise method for studying gene expression at single
nucleotide resolution. Large amounts of data can be generated rapidly and simply, relative
to more laborious protocols such as DNA microarrays, RT-qPCR or transcriptional fusions.
Extraction of good quality total or depleted RNA is important, and conveniently most
sequencing facilities offer cDNA library preparation services to ensure consistent high-
quality samples for sequencing. Sequencing technologies themselves are improving and
advancing regularly, resulting in the generation of large amounts of good quality data, within
a short timescale. RNA-seq technology is more accessible than ever to researchers, meaning
that high throughput next generation sequencing and RNA-seq are contributing to the
expansion of our knowledge base. The development of tools for bioinformatics and data
handling programs permit rapid and convenient downstream analyses, allowing us to distil
the important information from the massive data sets that are produced using RNA-seq. We
have shown that the use of RNA-seq to determine the FNR regulon provides accurate
information that agrees with what has been previously shown using transcriptional fusions
and microarrays in E. coli and S. Typhimurium, but the increased sensitivity and dynamic
range of RNA-seq allowed identification more subtle changes in gene expression, as well as
to detect expression of non-coding sSRNA species, thereby increasing our understanding of

complex regulatory pathways.

However, there are some limitations to the approach used in this study. RNA is extracted
from a population of bacteria for use in RNA-seq; this provides an average view of the
transcriptomes of millions of cells. Additionally, our growth condition is heterogenous in
nature, meaning we likely have very different expression in subpopulations throughout the
oxygen gradient of the cultures. Genetically identical cells can often be phenotypically
different and subpopulations of cells or outlier cells play important roles in disease outcome
or antibiotic tolerance (Diard et al., 2013; Helaine et al., 2014). Single-cell RNA sequencing
can reveal complex and rare cell populations, uncover regulatory relationships between
genes. Single-cell transcriptomic analysis will allow the detection of even more subtle, and
often biologically significant, changes in gene expression that could be masked at the level

of whole bacterial populations (Hwang et al., 2018).
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RNA-seq of strains and their isogenic mutants can reveal a multitude of changes in gene
expression however, it cannot distinguish between direct and indirect regulation. The
complexity of bacterial regulatory networks and the interplay between different regulators
means that many of the putative interactions that are detected in the absence of a TF are as
a result of perturbations in regulatory cascades rather than direct control of gene expression.
Therefore, it is important to combine RNA-seq with techniques which uncover direct
regulation of genes such as chromatin immunoprecipitation sequencing and will be covered

in detail in Chapter 4.

RNA-seq provides important clues about gene expression and regulatory interactions but
important findings must be validated using additional molecular biological approaches. To
provide a better understanding of the inherent complexity of biological systems, complete
descriptions of biological molecular networks, including important environmental stimuli,
transcription factors, regulatory proteins, SRNAs, and all other components (Golubeva et al.,
2012; Hébrard et al., 2011). Complete descriptions of biological systems can be achieved
through the integration of information from a combination of datasets, including
transcriptomics, epigenomics, proteomics, global ChIP studies, and others. Great resources
are available for E. coli including RegulonDB, EcoCyc, GenExpDB and UniProt which
provide curated information on E. coli gene and protein expression from thousands of
transcriptomic experiments (Hébrard et al, 2011; The UniProt Consortium, 2017), and
much information from S. Typhimurium is available through SalCom, SalComMac and
SalComRegulon (Colgan et al., 2016; Kroger et al., 2013; Srikumar et al., 2015). Despite
decades of research, the complexities of the E. coli and S. Typhimurium genomes are only
becoming realized in recent times thanks to NGS technologies. Our hope is that this
transcriptomic analysis of S. Typhimurium FNR regulon and its role in regulation of

virulence will contribute to the overall understanding of S. Typhimurium infection.

3.3.6 Summary

The aim of this chapter was to investigate the global changes in gene expression in an Afnr
mutant with a focus on Salmonella Pathogenicity Island 2, flagella and motility in S.
Typhimurium. We have shown using a wide variety of techniques that under microaerobic
conditions in MMA that the absence of the FNR protein causes SPI-2 encoded and associated
genes and sRNAs to have increased expression and flagellar and motility genes to have

decreased expression when compared to the WT. These results indicate that when S.
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Typhimuirum cells are exposed to oxygen (like at the epithelial border in the gut), and FNR
dimers are no longer active in the cell, that SPI-2 expression increases and motility and
flagellar gene expression decreases, likely in preparation for the harsh intracellar

environment of host epithelial cells.
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Chapter 4

Promoter occupancy of FNR
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4.1 Introduction

4.1.1 Identification of global FNR binding through ChIP-seq

Transcription factors that bind to specific DNA sequences are essential for the correct
regulation of gene expression and identification of the specific DNA sequences that each
factor binds helps to elucidate regulatory networks within bacteria (Browning & Busby,
2004; Myers et al., 2015). Traditional methods for determining the specificity of DNA-
binding proteins such as electrophoretic mobility shift assays (EMSA) are important for
showing direct binding but are performed under in vitro conditions and thus disregard any
other factors which may be important for binding in vivo. They are also too slow and
laborious to investigate an entire genome. In contrast, a high-throughput method such as
chromatin immunoprecipitation sequencing (ChIP-seq) can provide global in vivo binding
information rapidly (Stormo & Zhao, 2010). Regulatory mutants can be used to investigate
bacterial regulons using RNA-seq, and the technique is able to provide candidate genes that
a transcription factor is likely to regulate however, it is unable to discriminate whether
regulation is direct or indirect. In Chapter 3, we identified FNR as a repressor of SPI-2 genes
under microaerobic conditions in MMA, using RNA-seq, and here we used another large-
scale investigative technique, ChIP-seq, to identify whether FNR repression of SPI-2 genes
is direct or indirect. A general workflow of the main experimental procedure is outlined in

Figure 4.1.

DNA-protein binding experiments, such as EMSA, were traditionally used to demonstrate
that a protein could directly bind a specific fragment of DNA, but more recently ChIP has
become the method of choice to provide evidence of direct protein binding in vivo.
Originally, ChIP experiments were followed by RT-qPCR to determine protein binding
within particular sequences of interest by examining enrichment of DNA from the
immunoprecipitated sample, or by ChlP-chip where protein-associated DNA is hybridized
to a tiling microarray to determine all DNA binding sites of a particular protein. Within the
last decade, ChlP-chip has been replaced with ChIP-seq which has a much higher resolution
and signal-to-noise ratio than ChIP-chip and involves the use of deep sequencing technology
to determine all DNA molecules bound by DNA-associated proteins (Cai & Huang, 2012;
Myers et al., 2015). Sequencing-based approaches have increased sensitivity and reduced
bias compared to microarray-based technology. ChlP-seq also allows for the identification

of transcription factor binding site sequences at the level of the individual nucleotide and
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can be used to accurately determine transcription factor binding motifs. Motif analysis can
predict direct protein binding sites and provide focused data on highly likely candidate gene
targets. The combination of transcriptomic data from WT and Afnr, with FNR occupancy
data obtained under the same growth conditions can associate the changes in gene expression
to binding and direct regulation by FNR. To our knowledge, this study provides the first
large scale investigation into DNA-protein interactions of the oxygen sensitive transcription

factor FNR in S. Typhimurium.

The aim of this chapter is to use the global approach of ChIP-seq to identify candidate
regulators of SPI-2 in the case of indirect regulation of SPI-2 through FNR or to identify
FNR as a direct regulator of genes encoded on the pathogenicity island, and to verify those

results with other molecular techniques.
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Figure 4.1 Workflow of chromatin immunoprecipitation sequencing to identify FNR
binding sites.

A 3xFLAG-FNR strain was grown under microaerobic conditions to ODgoo 0.3 in MMA.
Proteins were crosslinked to DNA, chromatin was sheared then immunoprecipitated by and
anti-FLAG antibody to identify specific FNR binding and by a mouse IgG antibody for
background non-specific binding. Crosslinks were reversed, and DNA was extracted and
prepared for sequencing. Library preparation and sequencing for replicate 1 was performed
by me and replicate 2 was performed by Dr. Keith MacKenzie at the University of Regina,
Regina, Saskatchewan, Canada. Bioinformatic analyses were performed by Dr. Aalap Mogre

at Trinity College Dublin, Dublin, Ireland.
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4.2 Results

4.2.1 Verification of 3xFLAG-FNR

For ChIP-seq experiments a strain with a 3xFLAG-tagged FNR was used (originally
constructed by Dr. Aoife Colgan). To ensure that the 3xFLAG-tag did not interfere with the
binding capability of the FNR protein a northern blot was performed looking at expression
of the FNR dependent small RNA FnrS (Figure 4.2A). There was high expression of FnrS
in the 3xFLAG-tagged strain although slightly lower than WT levels, it was higher than in
the Afnr mutant. A preliminary ChIP-RTqPCR experiment was performed to determine
enrichment of the ChIP DNA of a positive control and a negative control, the fnrS promoter
and hemX respectively (Figure 4.2B & C). The amplified ChIP DNA was normalized to the
amplified Input DNA, which was extracted prior to immunoprecipitation. Normalised ChIP-
RTqgPCR data from two independent biological replicate experiments and demonstrates that
there is strong enrichment (approximately 16-fold) of the firS promoter region in the
experimental ChIP DNA, compared to the background “Mock™ ChIP DNA. The negative
control gene, hemX, showed negligible enrichment (approximately 1-fold) in the
experimental ChIP DNA sample, compared to the mock ChIP DNA sample (Figure 4.2B).
Following subtraction of the Mock ChIP DNA, the fnrS promoter DNA was approximately
31-fold enriched for FNR binding, compared to the negative control region, hemX (Figure
4.2C). These data show that FNR specifically binds within the fnrS promoter region, FNR
is a direct activator of FnrS transcription, and the 3xFLAG-tagged FNR can be confidently

used for ChIP-seq experiments.

131



A FNR

Afnr 3xFLAG

wT
‘ ot Wl | 7S

2 4 A&

B o7
*%
064 —
R B FLAG
g. 0.4+ Mock
T 0.3
0.2- ns
0.1
0.0- == i =
fnrS hemX
C
] 0.6- sk
o
£ 0.5-
o
(_3, 0.4-
5 0.3
g
= 0.2-
o
% 0.1
fnrS hemX

Figure 4.2 FnrS is expressed in FNR-3XxFLAG and the fnrS gene is bound by FNR-
3xFLAG.

A. Northern blot showing FnrS expression is not affected in a strain expressing FLAG-
tagged FNR under microaerobic conditions in MMA. 5S rRNA was probed as loading
control. B. qPCR data of a representative ChIP assay from 2 independent experiments
demonstrating direct binding of FNR to the fnrS gene under microaerobic conditions in
MMA. Experimental (FLAG) and mock ChIP DNA from fnrS and the negative control
hemX, was normalised to the starting amount of DNA (IP/Input). Statistical significance
determined by t-test, a = 5% C. qPCR data of a representative ChIP assay from 2 independent
experiments shows enrichment for FNR binding of fnrS, compared to the negative control
region hemX following subtraction of background mock ChIP DNA (as described in section
2.8.4). Statistical significance determined by Unpaired two-tailed t-test, o = 5%. * = P <
0.05, ** =P <0.01, *** =P <0.001, error bars represent standard deviation.
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4.2.2 Overview of FNR binding using ChIP-seq

Chromatin Immunoprecipitation is the method of choice to provide evidence for direct
protein binding in vivo. ChlP-seq involves the use of deep sequencing technology to
determine all DNA molecules bound by DNA-associated proteins (Cai & Huang, 2012).
Here, we have used ChIP-seq to determine FNR binding under microaerobic conditions in
MMA with a strain containing 3xFLAG-tagged FNR. Figure 4.3 provides an overview of
all the predicted FNR binding sites (blue lines and boxes) and FNR binding motifs (red lines)
across the S. Typhimurium chromosome and two plasmids, pSLT and pColIB9 from two
independent ChIP-seq experiments. There were no FNR binding sites on the pRSF1010
plasmid which was anticipated as there were no DE genes found on the plasmid (see Section
3.2.5). Binding of the global transcription factor FNR was uniform across the chromosome.
Due to contamination of S. cerevisiae yeast genomic DNA from the tRNA used as a co-
precipitant intended to increase DNA yields in the ChIP protocol the coverage of ChIP
(FLAG and Mock) samples were reduced. Additionally, coverage of the FLAG 1 sample
was lower than of FLAG 2 (Figure 4.4A) However, the coverage was sufficient to recover
a similar number of peaks from both samples, and there was a large of overlap of 288 peak

locations (Figure 4.4B).

Approximately 19% of differentially expressed genes in this study were associated with
peaks from ChIP-seq (Figure 4.4C). As anticipated, the fnr promoter was bound by FNR.
Also, furS was associated with FNR binding, as were promoters of nrdD, the anaerobic
ribonucleoside-triphosphate reductase, nirB, the large nitrite reductase subunit, and nuoA4,
NADH dehydrogenase I chain A. The extremely downregulated SPI-5 encoded gene orfX
and the minor curli fimbrae subunit csgB were also associated with FNR binding. These
genes are therefore directly activated by FNR under microaerobic growth in MMA. Notable
up-regulated genes with FNR binding sites included the sSRNA GevB, which was highly
upregulated in Afnr and controls approximately 1% of the Sa/monella genome (Hébrard et
al.,2012; Sharma et al., 2007; 2011), and PhoP activated genes pagC, pagD and pagO. FNR
occupancy was also observed at the promoter of the plasmid encoded virulence gene and
regulator, spvR. Many effector proteins which are secreted by the SPI-2 T3SS were
associated with peaks including sseK?2, sifB, SPI-5 encoded pipB, effectors important for
SCV maturation sif4, sseJ and sopD2, and Salmonella translocated effectors sted, steB and
steC. The important virulence sSRNA IsrM was also found to be bound by FNR. Within the
SPI-2 locus, specific T3SS apparatus genes associated with FNR binding included ssaH,
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ssal, ssaJ and ssaU, but most importantly an FNR binding peak was found near the promoter
of the SPI-2 response regulator ssrB. Additionally, a long binding region was identified in
one replicate at the ssrA/ssaB promoter region. These results indicate that FNR may repress
SPI-2 under microaerobic conditions by direct repression of several effectors and other

virulence associated genes, and especially through ss7B.

Approximately 81% of DE genes were not associated with FNR occupancy (Figure 4.4C)
and, therefore, indirectly regulated by FNR under these conditions. DE genes not associated
with FNR binding included the majority of flagellar and chemotaxis genes. However, fliC
and fIiD were associated with a peak, as well as aer, the gene encoding Aer the signal
transducer for aerotaxis. FNR therefore, may indirectly activate certain chemotaxis and
flagellar motility through direct activation of aer. Additionally, a recent study found that
SsrB can repress S. Typhimurium motility through direct binding to a region upstream of
fIhDC (Ilyas et al., 2018). Thus, much of the down-regulation of motility, especially of early
gene products can be explained by FNR activation of ssrB, leading to SsrB repression of
motility. Other genes which seem to be indirectly regulated by FNR include the propanediol
degradation and cobalamin (vitamin B12) biosynthesis operons, SPI-1 genes sipB and invJ,

and many of the T3SS apparatus and effector genes encoded within SPI-2.

Interestingly, many peaks were identified at genes not found to be DE in our study. This was
also the case in an E. coli ChIP-seq from a previous study (Myers et al., 2013). Genes of
particular interest were all six SPI-4 encoded sii Salmonella intestinal invasion genes and
SPI-1 encoded genes avrA, sprB, hilC, prgH, hilD, hilA, iagB, sptP, sicP, invB, invA, invH,
InvR, STM2902, and STM2903. Regulation by FNR may be masked by other more
significant factors that also regulate transcription at these loci positively or negatively. The
full list of ChIP-seq peaks and ChIP peaks associated to DE genes can be found in Tables
S4, S5, and S6 in Appendix III.

4.2.3 FNR consensus binding motif

Peak sequences from ChIP-seq revealed a palindromic FNR binding motif with a length of
14 bp (Figure 4.5). The consensus motif was, TTGATNTRSATCAA, where A is adenine,
C is cytosine, G is guanine, T is thymine, N is any nucleotide, R is a purine, and S is guanine
or cytosine. This consensus motif is almost identical to the FNR consensus binding motifs

found in E. coli (Myers et al., 2013; Spiro & Guest, 1990) and similar to the previously

134



described S. Typhimurium FNR binding motif. The letter-probability matrix generated by
MEME-ChIP was used to find all possible FNR binding sites in the S. Typhimurium
chromosome using FIMO. The letter-probability matrix of the S. Typhimurum FNR binding
motif and the top 100 FNR binding motifs found in the S. Typhimurium 4/74 chromosome
can be found in Tables S7 and S8 in Appendix III. A conserved and experimentally
confirmed FNR binding site can be found in the ndh (NADH dehydrogenase) promoter
region in E. coli, whereby binding of FNR leads to activation (Green & Guest, 1994). We
searched for this site as a positive control for our FNR motif and FIMO found an FNR
binding site in the S. Typhimurium ndh promoter region centered around -48 from the ndh
TSS (Figure 4.5). The two sites with the closest to consensus binding motifs were found in
the promoters of nirB and orf70 centered around -44 and -41, respectively. The large subunit
of the NADH nitrite reductase is encoded by nirB, and FNR is known to activate at this site.
Indeed, in our dataset nirB is down-regulated in Afnr and a ChIP peak was observed for FNR
binding at this site. Interestingly, orf70 is a gene found in the non-T3SS section of SPI-2. A
BLAST search revealed that orf70 shares 99% identity with a fumarase encoding gene, fumD
(Kronen & Berg, 2015). Under our growth condition, orf70 was not differentially expressed
but the promoter region was enriched in ChIP-seq. As expected, the fiur and fnrS promoter

regions contained FNR binding motifs at +1 and -42, respectively.

Although there was enrichment for FNR binding across most of SPI-2 in our FLAG 2 sample
and peaks called in both replicates at the ss#B promoter, no full 14 bp motifs were detected.
However, when half of the consensus motif was used as a search query many putative sites
were detected in the SPI-2 promoters. FNR half-sites have previously been confirmed to be
sufficient for FNR binding and regulation (Constantinidou et al., 2006; Melville & Gunsalus,
1996). The most likely candidate half sites for the ss#B and ssrd/ssaB promoter regions,
based on their location are shown (Figure 4.5). Interestingly, both a full FNR binding motif
and a half binding motif were found at the promoter of ydgT. As previously described, YdgT
is a known repressor of SPI-2 (Coombes et al., 2005). Again, the ydgT gene was not found
to be differentially expressed in our data set, however, an enrichment for FNR binding was
found in the ChIP data. These half-sites represent putative binding sites for FNR which may

explain regulation of SPI-2 under microaerobic conditions.
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Figure 4.3 FNR ChIP peaks across 2 replicates on the 4/74 chromosome and plasmids.
Peaks representing putative FNR binding sites were determined by MACS2 across two
independent replicates on the S. Typhimurium chromosome and pSLT and pCollB9
plasmids. From outside to inside: coordinates are denoted, on the chromosome SPIs 1
through 5 are labeled; plus strand genes are dark grey; minus strand genes are light grey;
replicate 1 peaks are blue, represented by lines on the chromosome and coverage trace for
the plasmids; replicate 2 peaks are blue; on plasmids only, mock coverage trace is in blue;
FIMO predicted FNR binding sites based on the consensus motif on plus strand are in red;

and the minus strand in red. There were no peaks on the pRSF1010 plasmid.
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Figure 4.4 Overview of two independent ChIP-seq replicates.
A. Sequencing coverage for each ChIP FLAG and mock replicates divided between the 4/74 chromosome and plasmids. B. Total number of peaks found

in each of the ChIP FLAG replicates 1 and 2 and the number of peaks that were common between the two replicates. C. Number of differentially

expressed genes in Afnr from transcriptomic data associated with peaks from ChIP-seq analysis.
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Figure 4.5 FNR binding motifs.

FNR position weight matrix was constructed from the FNR ChIP-seq peak sequences from
288 peaks common to 2 independent ChIP-seq replicates. The height (y-axis) of the letters
represents the degree of conservation at that position within the aligned sequence set (in
bits), with perfect conservation being 2 bits. The x-axis shows the position of each base (1—-
14) starting at the 5" end of the motif. Under the consensus motif, a sample of full motifs and
half sites were found using the 14 bp and 7 bp of the MEME-ChIP generated motif matrix
in FIMO, respectively. Only statistically significant binding sites with p < 0.0001 for full
motifs and < 0.01 for half sites were interrogated. *This half motif overlaps the 2° ssr4 TSS.
®This motif is found overlapping a TSS of an antisense transcript found in the ydgT promoter

region.

4.2.4 Verification of FNR binding

To verify putative FNR binding sites binding experiments, such as electrophoretic mobility
shift assays (EMSA), have been used to demonstrate that a protein can directly bind a
specific fragment of DNA. However, the native FNR protein cannot be easily used for in
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vitro experiments, as atmospheric oxygen levels render the protein inactive (Beinert & Kiley,
1999; Green et al., 2014); therefore, a modified FNR must be used. Bates et al. originally
showed that a mutation resulting in a switch from aspartic acid to alanine at position 154
(D154A) in the dimerization domain of the FNR monomer, resulted in a mutant FNR protein
which could be purified as a dimer at atmospheric oxygen levels in E. coli (Bates et al.,
1995). We introduced the same mutation into our plasmid-borne S. Typhimurium fur to
create pfurDI1544. The WT and Afnr mutant were transformed with both pfnr and
pfarD1544, grown in MMA under aerobic and microaerobic conditions, and FnrS
expression was used to determine the activity of the FNR or FNRD154A protein. We saw
similar levels of FnrS expression in cells with an FNR or FNR154A protein under
microaerobic conditions, while there was a very limited expression of FnrS under aerobic
conditions in pfar cells, expression of FnrS was near WT microaerobic levels in the presence
of FNRD154A (Figure 4.6). The expression in pfnr under aerobic conditions might be
explained by the high copy number of the plasmid. Shan ef a/. were able to construct a more
oxygen tolerant FNR variant by covalently linking two FNRD154A monomers in E. coli
(Shan et al., 2012a). (FNRD154A), recognizes an FNR-dependent promoter under aerobic
conditions and maintains its promoter specificity and conformational stability (Shan ef al.,
2012a). Conveniently, the FNR protein is extremely well conserved at the amino acid level
with the Enterobacteriaceae family. The amino acid sequences of FNR in S. Typhimurium
and E. coli share 99.2% identity and 99.6% similarity (Figure 4.7). Serine (S) and asparagine
(N) are neutral polar amino acids, and this substitution has no effect. Alanine (A) is a small
non-reactive amino acid, a change to glutamine (Q) is significant as glutamine is much larger
and polar neutral amino acid (Betts & Russell, 2003) however, the 2 amino acid differences
are found near the C-terminus outside of the DNA binding region. Dr. Aixin Yan from the
Shan et al. study provided us with a plasmid containing the (FNRD154A), protein; this was
used for subsequent binding experiments. To test that the E. coli (FNRD154A), protein was
active under aerobic conditions, Afnr was transformed with the plasmids, and we carried out
the same experiment using FnrS expression to determine activity of the protein. Figure 4.8A
shows that Afnr cells containing p(fnrD154A4)> had higher expression of FnrS under aerobic
than microaerobic conditions. Subsequently, we His-tag purified the protein as a dimer
(Figure 4.8B) and concentrated the sample (Figure 4.8C) for use in EMSA. The same
protein was recently used with success in an EMSA analysis on DNA promoters from

SL.1344 (Wang et al., 2019).
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Figure 4.6 FNRD154A is active under aerobic conditions.

Northern blot showing FnrS was expressed under aerobic conditions in an Afnr mutant

expressing the FNRD154A protein from the pBR322 plasmid.
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Figure 4.7 Alignment of S. Typhimurium and E. coli FNR protein sequences.

FNR amino acid (aa) sequences of S. Typhimurium 4/74 (S.) and E. coli K-12 MG1655 (E.)
were aligned using the BLOSUMG62 matrix with a gap penalty of 10 and extend penalty of
0.5. The sequences are both 250 aa in length and have 99.2% identity and 99.6% similarity.
The 4 cystine residues important for binding 4Fe-4S clusters are underlined, the dimerization
region is underlined with a dash line, the DNA binding region is in bold. Identical aa are
connected with a |, differences in amino acids are labeled in red with a : and blue with a .
indicating changes in aa which are strongly similar and weakly similar in their properties,

respectively.
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Figure 4.8 (FNRD154A); is active and can be purified under aerobic conditions.

A. Northern blot showing FnrS was expressed under aerobic conditions in an Afsnr mutant
expressing the E. coli (FNRD154A), protein. B. Coomassie stained SDS-PAGE of protein
fractions from His-Tag purification of (FNRD154A). showing that the protein was isolated
in its dimeric form (Approximately 57 kDa with 6His-Tag). C. BCA assay of (FNRD154A),
sample after purification and concentration of protein samples, the dotted lines represent a

95% confidence interval of the linear regression of the standard curve.
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4.2.5 FNR binding to control regions

Based on the expression of SPI-2 regulators, either SsrA and/or SsrB were the most likely
candidates to explain the increased SPI-2 expression seen in Afnr grown in MMA under
microaerobic conditions, as they were the most differentially expressed of SPI-2 regulators
in Afnr (Figure 4.9). ChIP-seq data also revealed enrichment for FNR binding in 2
independent replicates and motif analysis uncovered 3 potential FNR half-sites at the ss¥B
promoter. Peaks at the ssrA/ssaB promoter region were only identified in the second
replicate. To verify these findings, we used electrophoretic mobility shift assays. First, as
positive controls, the fnr and fnrS promoters were assayed. A site down stream of fnrS in the
OREF of dbpA was chosen as a negative control as there was no FNR binding as determined
by ChIP-seq and FNR would be unlikely to bind at the 3’ end of an ORF that did not contain
a TSS. The peaks called in ChIP-seq analysis and the coverage trace is shown in Figure 4.10
A & B and is accompanied by a schematic showing the location of sequence used for the
EMSAs. As expected, Py, and Pg,.s EMSAs showed a band shift with a dissociation constant
(Kp) of approximately 9.3 x 107 M and 1.5 x 10® M confirming that (FNRD154A); binds
to the fnr and fnrS promote