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FIG 4-3. GSEA was used to detect coordinate changes in expression of the functionally
related genes in cold-stressed (5°C, 48 h) S. Typhimurium upon infection of epithelial
cells (q < 0.05) as compared to infection with non-stressed S. Typhimurium. This effect is
due to extracellular cold stress to S. Typhimurium, which is beyond the effect of the
infection of epithelial cells with non-stressed S. Typhimurium. (A) Significantly (q <
0.05) regulated gene set with functions associated with prophages. (B) Significantly (q <
0.05) regulated gene set with functions associated with Spv genes on the plasmid (pSLT)
and stress response. (C) Significantly (g < 0.05) regulated gene set with functions
associated with DNA transposition. (D) Significantly (q < 0.05) regulated gene set with
functions associated with plasmid (pSLT) excluding spv genes. Color scale: Light pink -

brown corresponds to low expression intensity - high expression intensity.
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FIG 4-4. Expression of significantly regulated (q < 0.20) genes in functional category related to mitochondrial electron transport chain
in epithelial cells, upon infection with cold-stressed (5°C, 48 h) S. Typhimurium. This effect is due to extracellular cold stress to S.
Typhimurium, which is beyond the effect of the infection of epithelial cells with non-stressed S. Typhimurium. Color legends: Red,

Induction; Green, Repression.
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FIG 4-5. Caspase activation during infection of epithelial cells with non-stressed and
cold-stressed (5°C, 48 h) S. Typhimurium, at MOI of 1:1000. (A) Caspase 8 activity, (B)
Caspase 9 activity, and (C) Caspase 3/7 activity. The asterisk (*) indicates significant
difference (p < 0.05) due to infection with cold-stressed S. Typhimurium as compared to

infection with non-stressed S. Typhimurium.
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FIG 4-6. Gene expression intensities of the S. Typhimurium protein STM2699 upon no
stress and cold stress (5°C, 48 h) alone, and upon infection of epithelial cells with non-
stressed and cold-stressed (5°C, 48 h) S. Typhimurium. Gene expression intensities of the
epithelial cell protein SPTANT in epithelial cells alone, and upon infection of epithelial
cells with non-stressed and cold-stressed (5°C, 48 h) S. Typhimurium. Legends: NS, No
stress; CS, Cold stress. Color scale: Light pink - brown corresponds to low expression

intensity - high expression intensity.
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FIG 4-7. Role of STM2699 and SPTANI in adhesion and invasion of epithelial cells with
non-stressed S. Typhimurium (MOI of 1:100). (A) Role of STM2699 in adhesion and
invasion of wild type S. Typhimurium and S. Typhimurium AinvA, in epithelial cells. (B)
Role of SPTANT in adhesion and invasion of wild type S. Typhimurium, S. Typhimurium
ASTM2699 and S. Typhimurium AinvA ASTM2699, in epithelial cells. The asterisk (*)
indicates significant difference (p < 0.05) between (A) adhesion and invasion of deletion
mutants as compared to adhesion and invasion of wild type S. Typhimurium and (B)
adhesion and invasion of wild type S. Typhimurium as compared to adhesion and
invasion of wild type S. Typhimurium, S. Typhimurium ASTM2699 and S. Typhimurium
AINnvA ASTM2699 upon blocking the surface of epithelial cells with anti-SPTAN1

antibody.
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FIG 4-8. Role of STM2699 and SPTANI1, in adhesion and invasion of epithelial cells
with cold-stressed (5°C, 48 h) S. Typhimurium (MOI of 1:100). (A) Role of STM2699 in
adhesion and invasion of cold stresses wild type S. Typhimurium and cold-stressed S.
Typhimurium AinvA, in epithelial cells. (B) Role of SPTAN1 in adhesion and invasion of
cold-stressed wild type S. Typhimurium, cold-stressed S. Typhimurium ASTM2699 and
cold-stressed S. Typhimurium AinvA ASTM2699, in epithelial cells. The asterisk (*)
indicates significant difference (p < 0.05) between (A) adhesion and invasion of cold-
stressed deletion mutants as compared to adhesion and invasion of cold-stressed wild
type S. Typhimurium and (B) adhesion and invasion of cold-stressed wild type S.
Typhimurium as compared to adhesion and invasion of cold-stressed wild type S.
Typhimurium, cold-stressed S. Typhimurium ASTM2699 and cold-stressed S.
Typhimurium AinvA ASTM2699 upon blocking the surface of epithelial cells with anti-
SPTANTI antibody. The dot (*) indicates significant difference (p < 0.05) between (A)
adhesion and invasion of cold-stressed S. Typhimurium AinvA ASTM2699 as compared
to adhesion and invasion of cold-stressed S. Typhimurium AinvA (B) adhesion and
invasion of cold-stressed S. Typhimurium AinvA ASTM2699 upon blocking the surface
of epithelial cells with anti-SPTAN1, as compared to adhesion and invasion of cold-
stressed S. Typhimurium AinvA upon blocking the surface of epithelial cells with anti-

SPTANI antibody.
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CHAPTER 5
CHANGES IN METABOLISM OF COLD-STRESSED S. TYPHIMURIUM AND

EPITHELIAL CELLS DURING INFECTION

ABSTRACT

Salmonella infections represent major threat to human health due to their
persistence in the food chain. Salmonella alters its gene regulation in order to survive
under different environmental stresses and the mechanism of the regulation of
metabolism and its repertoire of virulence determinants, under different conditions, is not
yet completely understood. Metabolic enzymes playing a central role in microbial
physiology and survival have been promising targets for antimicrobials, but differential
regulation of metabolism upon exposure to stress urges development of new targets for
antimicrobials. Consequently, in this study, we have investigated the regulation in
metabolism of Salmonella Typhimurium (S. Typhimurium) upon exposure to cold stress
(5°C, 48 h) and in cold-stressed S. Typhimurium during subsequent infection, using
systems level approach. Exposure to cold stress, which is encountered in the environment
and is also the most common method for increasing shelf life of food, indicated switch
from aerobic respiration to fermentation in S. Typhimurium. This led to the increased (q
< 0.05) utilization of pyruvate and hence increased (q < 0.05) production of short chain
fatty acids formate and acetate in the extracellular medium. This effect was persistent
when intestinal epithelial cells were infected with cold-stressed S. Typhimurium leading
to increased (g < 0.05) adhesion and invasion. In epithelial cells, increased (g < 0.05)

aerobic respiration was indicated upon infection with cold-stressed S. Typhimurium.
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INTRODUCTION

Salmonellae are gram negative food-borne bacteria causing gastroenteritis and
enteric (typhoid) fever. Salmonella must overcome various stresses encountered in the
environment, to survive, and in the host, to establish an infection. Response of
Salmonella to various stresses such as starvation, acid, oxidative, temperature, osmotic
and cationic antimicrobial peptides has been studied and the gene clusters providing
protection against most of these stresses have been identified (reviewed in 7). The
response to one stress can be specific, overlapping with another stress response or can
provide cross protection against subsequent hostile conditions. Exposure to stress
conditions can also affect the expression of virulence genes if they are under the control
of similar regulators (5). The function of a large number of virulence genes is required for
successful pathogenesis and many underlying mechanisms have been revealed (reviewed
in 25). Most of the virulence genes are known to be present on Salmonella pathogenicity
islands (SPIs). SPIs confer specific virulence traits and function in different stages of
infection process such as entry and replication in the host cells (3, 13, 34), induction of
intestinal secretory and inflammatory responses (8), and dissemination from epithelial
cells to cause systemic infection (13). Two SPIs, SPI1 and SPI2 encoding for type three
secretion system (T3SS) play a central role in pathogenesis of Salmonella (reviewed in
(12)).

While much of the research has focused in determining the virulence determinants
of Salmonella and host responses (reviewed in (16)) in an attempt to control and prevent
infections, metabolism of both, the stressed pathogen and the host, during the infection

has gained little attention. Metabolic enzymes have central role in microbial physiology
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have been attractive targets for antimicrobials, but exposure to stress regulates
metabolism as well in order for the pathogen to survive efficiently. Induction of ‘viable
but non-culturable’ (VBNC) state in S. Typhimurium, which are still metabolically active
(9), lead to loss of adhesion and invasion in epithelial cells (see supplementary data Fig
C-1 and C-2) but there have been reports of resuscitation of S. Typhimurium in in-vivo
mouse models (1). Hence, to develop novel efficient antimicrobials, there is urgent need
to understand the complete metabolic potential and regulation of metabolism in the
pathogen, upon exposure to stress and upon subsequent infection.

In this study, we show differential regulation of the metabolism in Salmonella
Typhimurium (S. Typhimurium) due to cold stress (5°C), which can be encountered in
the environment and is also the most common method for storage and increasing shelf
life of the food. We further observed that the regulation in the metabolism due to stress
was persistent upon infection of epithelial cells. Thus, we have attempted to gain insights
with systems level approach in to the metabolism of S. Typhimurium upon exposure to
cold stress and upon infection of the epithelial cells, in order to develop novel targets for

antimicrobials.

MATERIALS AND METHODS

Cell culture. Intestinal epithelial cells (Caco-2; ATCC HTB-37) were obtained
from American Type Culture Collection (Manassas, VA) and were grown as per the
manufacturer’s instructions. Briefly, cells were seeded to a density of 10° cells/cm” using
cell culture media comprising of DMEM/High Modified (Thermo Scientific, Rockford,

IL) with non-essential amino acids (Thermo Scientific, Rockford, IL), 10mM MOPS
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(Sigma, St. Louis, MO), 10 mM TES (Sigma), 15 mM HEPES (Sigma) and 2 mM
NaH2PO4 (Sigma). Additionally, 16.6% fetal bovine serum (FBS) (HyClone Laboratories,
Logan, UT) was added to the media only for feeding cells. Cells were incubated at 37°C
with 5% CO; for 14 days post confluence so as to let them differentiate. The cells were
serum starved for 24 h, prior to sample collection for gene expression profiles, by feeding
the cells with cell culture media with all the components mentioned above excluding
FBS.

Bacterial strains and growth conditions. Salmonella Typhimurium LT2 ATCC
700720 (S. Typhimurium) was used in this study. Cell culture media, was used to grow
the bacteria at 37°C with shaking at 220 rpm.

Stress treatments for bacteria. A log phase culture of S. Typhimurium was
centrifuged at 7200 x g for 5 min and re-suspended at equal density in complete cell
culture media, maintained at 5°C for cold stress. This stress treatment was given for 48 h
before using the cold-stressed bacteria for infection of epithelial cells. The control for the
cold stress treatment was stationary phase (~15 h) culture re-suspended in cell culture
media maintained at 37°C, which is further referred to as non-stressed S. Typhimurium.

Infection of epithelial cells for gene expression. Caco-2 cells were cultured in
T-75 flasks and were serum starved 24 h before infection. Respective bacterial treatments
i.e. cold-stressed (5°C, 48 h) and non-stressed S. Typhimurium, at MOI of 1:1000, were
used to infect epithelial cells. The control for these infections was addition of cold-
stressed and non-stressed S. Typhimurium respectively, in T-75 flasks without the
epithelial cells, and non infected epithelial cells. The experiment was done in two

biological replicates. The infected cells along with the controls were incubated at 37°C
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with 5% CO, for 60 min. For infected cells, media with extracellular bacteria was
aspirated and 10 ml of TRIzol LS reagent (Invitrogen, Carlsbad, CA) was added to the
cells. This was gently mixed with pipette followed by centrifugation at 7200 x g for 5
min to pellet the host associated bacteria. TRIzol LS supernatant was stored in a clean
tube and further processed for RNA extraction from infected Caco-2 cells. The bacterial
pellet was re-suspended in 2 ml of fresh TRIzol LS, gently mixed and further processed
for RNA extraction from host associated bacteria. For controls, media with bacteria was
collected and centrifuged at 7200 x g for 5 min. To the pellet, 10 ml of TRIzol LS reagent
was added, gently mixed and was further processed for RNA extraction from bacterial
controls. For the non infected Caco-2 cells, media was aspirated and 10 ml of TRIzol LS
reagent was added to the cells, gently mixed and was further processed for RNA
extraction form non infected Caco-2 cells.

Bacterial RNA extraction and gene expression. Sample preparation for gene
expression profiling was performed as described by Yi Xie et al. (36) with modification
in RNA isolation, which was done using TRIzol LS reagent (Invitrogen, Carlsbad, CA).
The 750 pl of the TRIzol LS suspension containing host associated bacteria or bacterial
controls, was centrifuged at 7200 x g for 5 min. The TRIzol LS supernatant was stored in
a clean tube for later use and to the bacterial pellet, 1 ml of lysis enzyme cocktail
containing 50 mg/ml of lysozyme (Sigma) and 200 U/ml mutanolysin (Sigma) in TE
buffer (10mM Tris and ImM EDTA, pH 8) was added. The solution was mixed gently
and incubated at 37°C for 1 h followed by centrifugation at 7200 % g for 5 min. The
supernatant was discarded and pellet was re-suspended in 250 pl of proteinase K buffer

m ris- ,5m , m aCl, and 0.2 % , containin
100 mM Tris-HCI, 5 mM EDTA, 200 mM NaCl, and 0.2 % SDS, pH 8 ining 8
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U/ml of proteinase K (Fermentas, Glen Burnie, MD). This was incubated at 55°C for 1 h
with intermittent mixing. To this, previously stored TRIzol LS was added and gently
mixed. After this step manufacturer’s (TRIzol LS, Invitrogen) protocol was followed for
RNA extraction. RNA concentration, A260/280 and A260/230 were measured on
NanoDrop (Thermo scientific, Waltham, MA) and samples were processed further only if
the RNA concentration was at least 0.5 pg/pl and ratios were > 1.8. The RNA samples
were analyzed for integrity on 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA).

Total RNA (10 pg in 20 pl) was reverse transcribed into cDNA with 6 pg of
random hexamers and 400 U of Superscriptase II (Invitrogen) according to the
manufacturer’s protocol. Upon cDNA synthesis, the enzyme was heat inactivated and the
RNA templates were degraded with 80 U of RNaseH (Epicentre, Madison, WI) at 37°C
for 20 min. The reaction mixture was cleaned by using the Qiaquick-PCR purification kit
(Qiagen, Valencia, CA) according to the manufacturer’s instructions, except that the Tris-
containing buffer was replaced with 75% ethanol for washing the column. The purified
single-strand cDNA was eluted from the columns twice with a total of 100 ul of nuclease
free water (Ambion, Austin, TX).

cDNA fragmentation was done using 0.6 U of DNasel (Promega, Madison, WI)
per pug of cDNA, according to the instructions. The fragmented 1 pg of cDNA was
labeled using 2 pl of GeneChip DNA Labeling reagent (Affymetrix, Santa Clara, CA)
and 60 U of Terminal Transferase enzyme (New England Biolabs, Ipswich, MA). The
samples were denatured prior to hybridization, at 98°C for 10 min followed by snap

cooling at 4°C for 5 min.
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Hybridization and Normalization. Labeled cDNA was hybridized onto a
custom made Affymetrix GeneChip designed against all the annotated coding sequences
of S. Typhimurium LT2 ATCC 700720. Briefly, the array contained 9852 probe sets, of
which 4735 probe sets were designed against S. Typhimurium. Each probe set contained
11 probes, each 25 nucleotides long. 500 ng of labeled cDNA for samples extracted from
pure culture of S. Typhimurium and 2000 ng of labeled cDNA for samples extracted from
co-culture of S. Typhimurium and Caco-2 was hybridized onto the chips. The chips were
hybridized and scanned at the Center for Integrated BioSystems (Utah State University,
Logan, UT) as per manufacturer’s protocols for E. coli. Raw data (.cel files) was back
ground corrected, quantile normalized and summarized using MS-RMA (28).The
resultant normalized log, transformed intensity matrix was used for further statistical
analysis.

Caco-2 RNA extraction and gene expression. The TRIzol LS samples
containing infected or non infected Caco-2 cells were frozen (Liquid N;) and thawed
(70°C) twice. To 750 ul of TRIzol LS sample, 250 pl of water was added. This was
further processed for RNA extraction using manufacturer’s (TRIzol LS, Invitrogen)
instructions. RNA concentration, A260/280 and A260/230 were measured on NanoDrop
(Thermo scientific, Waltham, MA) and samples were processed further only if the RNA
concentration was at least 0.5 pg/ul and ratios were > 1.8. The RNA samples were
analyzed for integrity on 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
Synthesis of cDNA, biotin labeled cRNA, fragmentation and purification of cRNA were

carried out using one-cycle cDNA synthesis kit (Affymetrix).
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Hybridization and Normalization. Labeled and fragmented cRNA (10 pg) was
hybridized onto the Affymetrix U133Plus2 GeneChips as per manufacturer's
recommendations at the Center for Integrated BioSystems (Utah State University, Logan,
UT). Raw data (.cel files) was back ground corrected, quantile normalized and
summarized using RMA (15). RMA normalized data was then filtered through the PANP
algorithm (33) to make presence-absence calls for each probe set. Probe sets that were
called present in at least one of the samples were included in further statistical analysis.

Infection of epithelial cells for extracellular metabolite profiling. Caco-2 cells
were cultured in T-75 flasks and were serum starved 24 h before infection. Respective
bacterial treatments i.e. cold-stressed (5°C, 48 h) and non-stressed S. Typhimurium, at
MOI of 1:1000, in two biological replicates were used to infect Caco-2 cells. The control
for these infections was addition of cold-stressed and non-stressed S. Typhimurium
respectively, in T-75 flasks without the epithelial cells, and non infected epithelial cells.
All the flasks were incubated at 37°C with 5% CO,. Upon incubation for 60 min, 90 min
and 120 min, media with or without the extracellular bacteria was aspirated followed by
centrifugation at 7200 x g for 5 min to pellet the bacteria. The extracellular supernatant
was stored in a clean tube at -70°C and further processed for metabolite profiling by
nuclear magnetic resonance spectroscopy (NMR).

NMR sample preparation. Samples were filtered though a 3000 MW cutoff
filters (Pall Life Sciences, Ann Arbor, MI). A volume of 65 pul containing 5 mM DSS-d6
(3-(trimethylsilyl)-1-propanesulfonic acid-d6) with 0.2% NaN3, in 99.8% D,0O (Chenomx
internal standard, Chenomx, Edmondton, Canada) was added to 585 pl of each sample

filtrate and the pH was adjusted to 6.8 £ 0.1. A 600 uL aliquot of each sample was
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transferred in a 5-mm NMR tube (Wilmad, Buena, NJ) and stored at 4 °C until NMR data
acquisition.

NMR spectroscopy. All one-dimensional NMR spectra of the samples were
acquired using the first increment of the standard NOESY pulse sequence on a Bruker
AVANCE 600 MHz NMR spectrometer equipped with a SampleJet. All spectra were
recorded at 25°C with a 12 ppm sweepwidth, 2.5 s recycle delay, 100-ms Tpix, an
acquisition time of 2.5 s, 8 dummy scans, and 32 transients. 'H decoupling of the water
resonance was applied during the recycle delay and the 100 ms t,ix. All spectra were
zero-filled to 128k data points and multiplied by an exponential weighting function
corresponding to a line-broadening of 0.5 Hz.

Data analysis. Analysis of the NMR data was accomplished through targeted
profiling using the Chenomx NMRSuite v6.1 (Chenomx Inc., Edmonton, Canada) (35).

Statistical analysis for gene expression. Gene expression profile for cold-
stressed (5°C, 48 h) and non-stressed S. Typhimurium alone and in the presence of the
epithelial cells 60 min post infection was obtained. The data was analyzed as two class
(cold stress Vvs. no stress) unpaired, with T statistic, using Significance Analysis of
Microarrays (SAM) (31). All the genes were ranked based on the score (d) from SAM
output. This pre ordered ranked gene list was then used in Gene Set Enrichment Analysis
software (GSEA) (24, 29) to detect the coordinate changes in the expression of groups of
functionally related genes, upon respective treatments. The gene sets were defined based
on the annotations from BioCyc Database (18). BioCyc offers a comprehensive review of

metabolites and enzymes detected in high throughput datasets (2, 19).
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Gene expression profile was obtained for epithelial cells alone and upon infection
with cold-stressed (5°C, 48 h) and non-stressed S. Typhimurium 60 min post infection.
The data was analyzed as two class (infection with cold-stressed S. Typhimurium vs.
infection with non-stressed S. Typhimurium) unpaired, with T statistic, using SAM (31).
All the genes were ranked based on the score (d) from SAM output. This pre ordered
ranked gene list was then used in GSEA (24, 29) to detect the coordinate changes in the
expression of groups of functionally related genes, upon infection with non-stressed and
cold-stressed S. Typhimurium. The gene sets were defined based on the annotations from

REACTOME Database (17, 22, 32).

RESULTS AND DISCUSSION

Gene expression profile and extracellular metabolite profile of cold-stressed
S. Typhimurium. Extracellular cold stress (5°C, 48 h) to S. Typhimurium significantly
(9 <0.1) regulated gene categories with functions in nitrate reduction, electron transfer,
oxidative pentose phosphate pathway and pyruvate fermentation (Table 5-1). Cold stress
alone coordinately induced expression of four genes narG, narl, napA and napC
encoding the subunits of periplasmic and respiratory nitrate reductase (Fig 5-1A). The
genes encoding the subunits of NADH dehydrogenase and ATP synthase, involved in
energy production along with conversion of NADH to NAD", were induced in cold-
stressed S. Typhimurium. However, genes encoding other complexes in electron transfer
chain were not regulated. The genes in the oxidative branch of pentose phosphate
pathway, in which NADPH is generated and further used for reductive biosynthesis

reactions, were also significantly (q <0.1) induced. Consequently, regeneration of
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NADPH will prevent oxidative stress or production of 5C or 4C sugars further used in
nucleic acid and aromatic amino acid metabolism. The three genes tdcE, pfIB and yfiD
responsible for pyruvate fermentation to formate were significantly (q < 0.05) repressed
(Fig 5-1A) thereby reducing the amount the formate formed.

Glucose and pyruvate were significantly (g < 0.05) depleted from the extracellular
media indicating their increased usage by cold-stressed (5°C, 48 h) S. Typhimurium (Fig
5-2). The significant (q < 0.05) repression of the genes tdcE, pflB and yfiD responsible for
fermentation of pyruvate to formate, in cold-stressed S. Typhimurium was concomitant
with the significantly (q < 0.05) decreased amount of formate in extracellular media.
However, lactate, ethanol, acetate and acetone, were detected in significantly (q < 0.05)
higher concentrations in extracellular media of cold-stressed S. Typhimurium indicating
fermentation as the process for generating reducing equivalents and hence deriving
energy (Fig 5-2). Increased amount of acetate and lactate in extracellular medium was
concomitant with significant (q < 0.05) induction of acetate kinase A (ackA) and lactate
dehydrogenase (IdhA) along with induction of non specific transporter (aphA) (18).
Additionally, citrate and succinate were also detected in significantly (q < 0.05) high
amount and fumarate in significantly (q < 0.05) low amount in extracellular media.
Increased amount of succinate was concomitant with significant (q < 0.05) induction of
genes frdABCD which function during fermentation in conversion of fumarate to
succinate (Fig 5-1A) and aphA which functions as a transporter. The gene gltA encoding
citrate synthase was also induced, however a transporter for export of citrate in
Salmonella is not yet known. Polyamines such as putrescine and cadaverine were also

detected in significantly (g < 0.05) high amounts and arginine and lysine, precursors for
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formation of polyamines, were depleted (g < 0.05) from extracellular medium. The
conversion of lysine to cadaverine was further supported by significant (g < 0.05)
induction of genes cadABC encoding lysine decarboxylase and lysine/cadaverine
transport protein (Fig 5-1A).

To summarize, upon exposure to cold stress (5°C, 48 h), S. Typhimurium shifted
metabolism towards fermentation. Additionally, formation of polyamines, putrescine and
cadaverine, was also induced.

Gene expression profile and extracellular metabolite profile of cold-stressed
S. Typhimurium in the presence of epithelial cells. Infection of epithelial cells
significantly (g < 0.1) regulated gene categories with functions in TCA Cycle,
respiration, amino acid biosynthesis, fatty acid biosynthesis, nucleotide metabolism and
enterobacterial common antigen biosynthesis (Table 5-2), in cold-stressed (5°C, 48 h) S.
Typhimurium as compared to infection with non-stressed S. Typhimurium. This implies
that due to extracellular cold stress to S. Typhimurium, these above described categories
are regulated in the presence of the host. However, the genes associated with the above
described gene categories were repressed in cold-stressed S. Typhimurium when
compared with non-stressed S. Typhimurium upon infection of epithelial cells (Fig 5-1B).
The genes encoding the subunits of NADH dehydrogenase complex, cytochrome o
ubiquinol oxidase, ATP synthase and succinate dehydrogenase, along with genes
encoding citrate synthase, isocitrate dehydrogenase and malate dehydrogenase were
significantly (q < 0.1) repressed. The genes involved in pentose phosphate pathway were
also significantly (q < 0.1) repressed which could lead to decreased formation of 5C and

4C sugars, required for nucleic acid and amino acid metabolism. This was further
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supported by the significant (q < 0.1) repression of genes involved in fatty acid
biosynthesis, nucleotide de novo biosynthesis and amino acid metabolism (Fig 5-1B).
The other genes significantly (q < 0.1) repressed in cold-stressed S. Typhimurium upon
infection of epithelial cells, were genes from wec, rff and rfb clusters responsible for
biosynthesis of enterobacterial common antigen (ECA) (Fig 5-1B). ECA provides
resistance against bile and is important in oral than in intraperitoneal infections (21, 26).
The repression of these genes and hence repression of immune response, upon contact
with intestinal epithelial cells can be of an advantage to Salmonella.

The repression of citrate synthase in S. Typhimurium can lead to the decreased
amount of citrate in extracellular media during infection of epithelial cells with cold-
stressed (5°C, 48 h) S. Typhimurium as compared to infection with non-stressed S.
Typhimurium. Succinate was present in significantly (q < 0.05) higher amount and
fumarate in significantly (q < 0.05) lower amount in extracellular media, which was
concomitant with persistent significant (q < 0.1) induction of the genes frdABCD which
function in conversion of fumarate to succinate. The utilization of glucose was delayed
and pyruvate was being utilized by S. Typhimurium or epithelial cells as indicated by its
rapid depletion (q < 0.05) from extracellular media during infection of epithelial cells
with cold-stressed S. Typhimurium. The significantly higher amount of formate, acetate
and ethanol detected (q < 0.05) in extracellular media can be attributed to increased
fermentation and pyruvate utilization in cold-stressed S. Typhimurium during infection of
epithelial cells. Even though the genes responsible for formation of acetate, formate and
ethanol from pyruvate were not regulated, the possibility of post translational

modification of pyruvate formate lyase (23) and promiscuity of dehydrogenases can be
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responsible for increased amounts detected. Short chain fatty acids in the intestine are
formed due to breakdown of complex sources by the intestinal bacteria and provide
diffusible signal and regulate invasion genes of S. Typhimurium. Formate and acetate
have been shown to induce invasion and propionate and butyrate have been shown to
repress invasion (4, 10, 14, 20). Polyamines have also been implicated in stress response
and infection processes (reviewed in (27)). Cadaverine has been showed to reduce
adherence of E. coli (30) and it has also been showed to inhibit lysis of phagosomes
formed by S. flexneri (6), thereby preventing its dissemination within the intestinal
epithelium. Cadaverine was present in significantly lower concentrations (g < 0.05) in
extracellular media during infection of epithelial cells with cold-stressed S. Typhimurium
as compared to infection with non-stressed S. Typhimurium. The detection of lysine at
significantly (g < 0.05) higher concentration in extracellular media during infection of
epithelial cells with cold-stressed S. Typhimurium along with no regulation of the lysine
transporter can lead to the low amount of cadaverine. This could be one of the factors
responsible for high host association of cold-stressed S. Typhimurium to epithelial cells
(Fig 4-1A).

To summarize, genes involved in aerobic respiration were significantly (q <0.1)
repressed in cold-stressed (5°C, 48 h) S. Typhimurium upon infection of epithelial cells,
but the fermentation products were persistently being accumulated in extracellular media
suggesting fermentation as the preferred source to derive energy during initial stages of
infection. The fermentation pathway utilizing pyruvate is present in S. Typhimurium (Fig
5-4B), thus the major production of fermentation products can be attributed to S.

Typhimurium. The switch from aerobic respiration could be due to two reasons, either
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the epithelial cells are using all the dissolved oxygen at higher rate which can partly be
supported by induction of genes involved in aerobic respiration or majority of the S.
Typhimurium are intracellular where they experience low oxygen availability (11).
Repression of genes involved in aerobic respiration, in cold-stressed S. Typhimurium,
will repress the formation of the superoxide radicals. This may be a mechanism by which
cold-stressed S. Typhimurium down regulates its own superoxide generation leading to
decreased oxidative stress from the energy generation processes in itself and using its full
potential to overcome only the host defense factors. Additionally, extracellular short
chain fatty acids, acetate and formate, known to regulate invasion of S. Typhimurium (14,
20), were also present in significantly high amounts in extracellular media during
infection of epithelial cells. Further, during infection the formation of cadaverine was
significantly (q < 0.05) repressed which can lead to increased association of cold-stressed
S. Typhimurium to epithelial cells as observed (Fig 4-1A).

Gene expression profile and extracellular metabolite profile of epithelial cells
upon infection with cold-stressed S. Typhimurium. Infection of epithelial cells with
cold-stressed (5°C, 48 h) S. Typhimurium significantly (q < 0.05) regulated gene
categories with functions in various cellular processes including electron transport chain
and glycolysis, 60 min post infection (Table C-2) as compared to infection with non-
stressed S. Typhimurium. Genes involved in electron transport chain were significantly (q
< 0.05) induced and genes involved in glycolysis were significantly (q < 0.05) repressed
(Fig 5-3). This was concomitant with decreased glucose utilization initially and increased
pyruvate utilization over time. By 120 min all the pyruvate from the extracellular medium

was used up, partly by the cold-stressed S. Typhimurium and partly by the epithelial
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cells. In epithelial cells, pyruvate can lead to formation of acetyl-CoA which then enters
TCA cycle or lactate formation during fermentation (18). The gene PDHB (pyruvate
dehydrogenase) leading to formation of acetyl-CoA, was significantly induced whereas
genes encoding lactate dehydrogenase leading to formation of lactate, were not regulated.
This suggested that aerobic respiration through TCA and electron transport chain was
main source of deriving energy in epithelial cells during infection and that it was induced
or the demand for energy increased upon infection with cold-stressed (5°C, 48 h) S.
Typhimurium. This induction could be due to various reasons but in light of the increased
invasion of cold-stressed S. Typhimurium (Fig 4-1B), production of more energy and
regeneration of the reducing equivalents, can be utilized for the increased host defense

processes (16).

CONCLUDING REMARKS

Metabolic enzymes have a central role in microbial physiology have been
attractive targets for antimicrobials. However, in order to survive the exposure to various
environmental stresses, the organism regulates number of genes including regulation of
metabolism. Consequently, understanding the metabolism of S. Typhimurium upon
exposure to stress conditions and metabolism of stressed S. Typhimurium upon infection
of epithelial cells, will lead to efficient targets for development of novel antimicrobials.
Exposure to cold stress (5°C, 48 h) shifted the metabolism to fermentation in S.
Typhimurium. The short chain fatty acids, fermentation products of pyruvate which
induce invasion in intestinal epithelial cells, were detected in significantly (g < 0.05) high

concentration in extracellular medium upon cold stress to S. Typhimurium alone and
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were present in further high concentration (g < 0.05) upon infection of epithelial cells. In
addition to regulation of known virulence factors, the effect of cold stress to S.
Typhimurium on its metabolism seems to provide an added advantage during infection of
intestinal epithelial cells. Hence, based on the observations of effect of cold stress to S.
Typhimurium, it can also be concluded that life cycle of S. Typhimurium outside the host
will determine its potential to infect and severity of clinical manifestations. Additionally,
the observations in this study provided new directions and targets such as pathways for
fermentation and formation of short chain fatty acids, which can be further investigated
for development of new antimicrobials. Moreover, confirmation of the observations in
this study with in-vivo expression technology will provide definitive targets for novel

strategies to control infection.
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TABLE 5-1. Significantly (q < 0.10) regulated gene sets with coordinately regulating

genes, in cold-stressed (5°C, 48 h) S. Typhimurium as compared to non-stressed S.

Typhimurium.
Enriched gene sets in S. Typhimurium, Genes Size of Regulation FDR
due to cold stress regulated  gene set g value
Nitrate reduction III dissimilatory 3 7 Induced 0.08
NADH to nitrate electron transfer 3 7 Induced 0.08
Nitrate reduction I denitrification 3 8 Induced 0.08
Formate to nitrate electron transfer 3 7 Induced 0.08
Aerobic respiration - Electron donor III 11 14 Induced 0.10
Pentose phosphate pathway - Oxidative 5 6 Induced 0.10
Pyruvate fermentation to ethanol I 4 5 Repressed ~ 0.01
Reductive monocarboxylic acid cycle 3 5 Repressed  0.02
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TABLE 5-2. Significantly (q < 0.10) regulated gene sets with coordinately regulating
genes, in cold-stressed (5°C, 48 h) S. Typhimurium as compared to non-stressed S.
Typhimurium, upon infection of epithelial cells. This effect is due to extracellular cold
stress to S. Typhimurium, which is beyond the effect of the infection of epithelial cells

with non-stressed S. Typhimurium.

Enriched gene sets in S. Typhimurium,  Genes Size of  Regulation = FDR

due to cold stress regulated  gene set g value
NADH to cytochrome bo oxidase ETC 8 14 Repessed 0
Pentose phosphate pathway 12 16 Repessed 0.04
Superpathway of leu, val and ile

biosynthesis 7 12 Repessed 0.05
TCA cycle 8 12 Repessed 0.05
Superpathway of fatty acid (FA)

biosynthesis 6 10 Repessed 0.05
Guanosine nucleotides de novo

biosynthesis 6 7 Repessed 0.05
Aerobic respiration - Electron donor

I 7 14 Repessed 0.06
Superpathway of FA biosynthesis

initiation 3 6 Repessed 0.06
Valine biosynthesis 3 7 Repessed 0.06
TCA cycle variation IV 8 13 Repessed 0.07
Purine degradation II Anaerobic 4 10 Repessed 0.07
tRNA charging pathway 10 21 Repessed 0.07
Formaldehyde oxidation I 4 8 Repessed 0.08
Pyrimidine de novo biosynthesis 5 5 Repessed 0.08
Pentose phosphate pathway — Non

oxidative 8 10 Repessed 0.08
Threonine biosynthesis 3 5 Repessed 0.08
Adenosine nucleotides de novo

biosynthesis 5 5 Repessed 0.08
Succinate to cytochrome bo oxidase

ETC 5 6 Repessed 0.09
Aerobic respiration - Electron donor I1 8 16 Repessed 0.09

Enterobacterial common antigen
biosynthesis 7 9 Repessed 0.10
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FIG 5-1. Heat map showing the expression of coordinately regulating genes within
significantly regulated gene sets (0 <0.1) in S. Typhimurium. The enrichment analysis
was done using GSEA software (24, 29) and the gene sets were defined based on the
annotations from BioCyc Database (18). (A) The expression of genes in significantly (g
< 0.1) regulated gene sets due to cold stress (5°C, 48 h) to S. Typhimurium. (B) The
expression of genes in significantly (q < 0.1) regulated gene sets in cold-stressed (5°C, 48
h) S. Typhimurium upon infection of epithelial cells. Legends: NS, No stress; CS, Cold
stress. Color scale: Light pink - brown corresponds to low expression intensity - high

expression intensity.
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FIG 5-2. Heat map showing the concentration over time (min), of secreted extracellular
metabolites, detected by NMR (g < 0.05). Legends: NS, No stress; CS, Cold Stress (5°C,
48 h); Sal, S. Typhimurium LT2; Host, Caco?2 cells. Color scale: Light pink - brown

corresponds to low expression intensity - high expression intensity.
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FIG 5-3. Heat map showing the expression of coordinately regulating genes within
significantly regulated gene sets ( < 0.05) in epithelial cells due to infection (60 min post
infection) with cold-stressed (5°C, 48 h) S. Typhimurium as compared to infection with
non-stressed S. Typhimurium. The gene sets were defined based on the annotations from
REACTOME Database (17, 22, 32). The enrichment analysis was done using GSEA
software (24, 29). Color scale: Light pink - brown corresponds to low expression

intensity - high expression intensity
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CHAPTER 6

SUMMARY

S. Typhimurium is a significant food-borne pathogen throughout the world that
leads to infectious diarrhoea (3). Effective vaccines exist for typhoid (10) but not for
gastroenteritis caused by non typhoidal Salmonellae (NTS). The incidences of food-borne
salmonellosis, every year in the USA are estimated to be between 7.4 x 10’ and 5.3 x 10°
(4). Worldwide there are more than 1.3 billion cases of salmonellosis annually with 3
million deaths (8). In recent years multistate outbreaks of NTS from conventional sources
such as meat and poultry products have been reported and additionally non conventional
sources such as peanut butter, dry dog food, dry puffed cereal and fresh produce (6) have
started to contribute in these outbreaks. Thus, one thing common to all conventional and
non conventional food vectors, food processing methods and existing pathogen
elimination methods seems to be playing a major role in persistent NTS outbreaks.
Salmonella survives persistently in the food chain by regulating its gene expression in
response to stressful environmental conditions, in order to survive efficiently. Hence, we
hypothesized that exposure to cold stress, which is commonly encountered environmental

stress, increases the pathogenicity of S. Typhimurium.

HYPOTHESIS

Cold stress increases the pathogenicity of S. Typhimurium in cell culture model.

OBJECTIVES
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1. Determine influence of cold stress, on the ability of S. Typhimurium to survive
during subsequent acid stress, which would be encountered during gastric transit.

2. Determine the effect of cold stress on pathogenesis of S. Typhimurium during
infection of intestinal epithelial cells.

3. Determine the effect of cold stress to S. Typhimurium on the metabolic changes
during infection of intestinal epithelial cells.

Cold stress indeed increased the pathogenicity of S. Typhimurium as seen in cell
culture model. This study first investigated the survival of S. Typhimurium, during cold
stress (5°C), the most common method to increase the shelf life of any food, peroxide
stress and acid stress (Chapter 3). The survival of S. Typhimurium was found to be
persistent under cold conditions, which was further supported by continuous induction of
proteins at 5°C for up to 240 h whereas survival started to decline after 48 h at 37°C. In
addition to significant (q < 0.05) induction of csp genes, genes involved in protection
against acid and oxidative stress were also significantly (q < 0.05) induced during
exposure to cold stress. The genes involved in TCA cycle were significantly (q < 0.05)
induced and many genes involved in electron transfer chain were significantly (q < 0.05)
repressed. Regulation of these genes with significantly (p < 0.05) low NAD/NADH ratio
led to the significant (p < 0.05) repression of hydroxyl radical formation and it remained
repressed during subsequent exposure to acid stress, hence increasing the survival of S.
Typhimurium as compared to its survival upon direct exposure to acid stress. This
revealed one of the underlying mechanisms leading to increased survival under

subsequent acid stress (Fig 6-1).
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Among the stresses tested, cold stress (5°C, 48 h) to S. Typhimurium significantly
(p <0.05) increased its adhesion and invasion in to intestinal epithelial cells (Chapter 4).
Further, the effect of cold stress on pathogenesis of S. Typhimurium was investigated.
During cold stress, significant (q < 0.05) induction of the genes related to the virulence
was observed and this induction remained persistent in the presence of the intestinal
epithelial cells upon infection. The genes induced due to cold stress were related to type
3secretion system apparatus with effectors, genes in tra and trb clusters on plasmid and
prophage genes. In the presence of the epithelial cells, these genes remain induced with
additional induction of spv genes on plasmid. So far, fimbrial adhesins on microbial
surface have been shown to interact with specific sugar residues or glycan receptors on
host cell surface, in the initial stages of infection (7, 9, 11). Since infection causes
alteration in the surface of epithelium exposing a variety of molecules, understanding
other types of interaction leading to successful invasion, is equally important. High
association of cold-stressed S. Typhimurium to epithelial cells was attributed to a pair of
novel protein-protein receptors found with whole cell cross-linking approach. The
STM2699 in cold-stressed S. Typhimurium and SPTANT1 in epithelial cells were both
found to be significantly (g < 0.05) induced during infection of epithelial cells with cold-
stressed S. Typhimurium. The STM2699 significantly (p < 0.05) contributed in adhesion
as well as invasion, when epithelial cells were infected with cold-stressed S.
Typhimurium and SPTANI also had a significant (p < 0.05) contribution in decreasing
adhesion of cold-stressed S. Typhimurium ASTM2699 (Fig 6-2).

Differential regulation in metabolism due to cold stress (5°C, 48 h) to S.

Typhimurium, alone and in the presence of epithelial cells, was observed (Chapter 5).
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During infection of epithelial cells with cold-stressed S. Typhimurium, switch from
aerobic respiration to fermentation with pyruvate as a substrate was indicated in cold-
stressed S. Typhimurium. This was further supported by significantly (q < 0.05) high
amounts of formate and acetate in the extracellular media which are also known to
regulate invasion of S. Typhimurium (2, 5). Cadaverine which has been showed to reduce
adherence of E. coli (12) was present in significantly (q < 0.05) lower amount in
extracellular media during infection with cold-stressed S. Typhimurium as compared to
infection with non-stressed S. Typhimurium. These observations explain and provide
another layer of mechanism for increased association to host epithelial cells upon cold
stress to S. Typhimurium (Fig 6-2). Based on the phenotypic observations and analysis of
the gene expression profile, Fig 6-1 and 6-2 provide a proposed model for the increased

survival and pathogenesis of cold-stressed (5°C, 48 h) S. Typhimurium.

FUTURE DIRECTIONS

Elucidating metabolism changes in cold-stressed (5°C, 48 h) S. Typhimurium
upon infection of animal models will provide definitive targets for novel antimicrobials.
In light of robust Salmonella metabolism reported in vivo (1) there is strong need to
fabricate alternative methods for the control of NTS infection. Thus, determining LD50
in animal models with cold-stressed S. Typhimurium wild type and ASTM2699 will
confirm the increased pathogenicity of cold-stressed S. Typhimurium and the role of
STM2699 in vivo. This study has led to new insights for future work in developing
alternative strategies, such as competitive exclusion, blocking the receptors with

antibodies and vaccine development for NTS, to control the infection.
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FIG 6-1. Proposed model for increased survival of S. Typhimurium during exposure to
acid stress (pH 4.0, 90 min), upon pre-adaptation to cold stress (5°C, 48 h). Color
legends: Green, repression; Red, induction. Pre-adaptation to cold stress to S.
Typhimurium significantly (g < 0.05) repressed aerobic respiration causing significant (p
< 0.05) decrease in NAD'/NADH ratio and OH- radicals generation, which remained

significantly (p < 0.05) repressed upon exposure to subsequent acid stress.
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FIG 6-2. Proposed model for increased pathogenesis of cold-stressed (5°C, 48 h) S.
Typhimurium. Color legends: Green, repression; Red, induction. Cold stress to S.
Typhimurium significantly (g < 0.05) repressed aerobic respiration and it remained
repressed upon infection of epithelial cells. Instead, fermentation was the preferred
source to derive energy and resulting fermentation products, acetate and formate can lead
to significant (p < 0.05) increase in invasion of cold-stressed S. Typhimurium in
epithelial cells. The invasion and intracellular survival can be more efficient due to
significant (g < 0.05) induction of the SPI2 T3SS genes, prophage genes, spv cluster and

other plasmid encoded genes. Significant (q < 0.05) repression of the flagella genes, LPS
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and ECA genes in cold-stressed S. Typhimurium further adds to its advantage since they

function in activating immune responses in the host cells.
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APPENDIX A

SUPPLEMENTARY DATA FOR CHAPTER 3

TABLE A-1. Growth of S. Typhimurium in nutrient broth with hydrogen peroxide
(H20,).

Concentration of H,O, Growth
0 mM (Positive control) ++++
1 mM ++++
2 mM -

3 mM -

4 mM -
5SmM -

6 mM -

7 mM -

8 mM -

9 mM -

10 mM -

15 mM -
20 mM -
30 mM -
40 mM -
50 mM -
Negative control (No inoculation) -

Legends: +, Growth; -, No growth.
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TABLE A-2. Growth of S. Typhimurium in nutrient broth with sodium chloride (NaCl).

Concentration of NaCl Growth
0% (Positive control) ++++
1% ++++
2% ++++
3% +++
4% ++
5% ++
6% -
7% -
8% -
9% -
10% -

Negative control (No inoculation)

Legends: +, Growth; -, No growth.
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FIG A-1. Survival of S. Typhimurium during upon pre-adaptation at 10°C for 0.5 h
followed by exposure to cold stress at 5°C for 336 h . Inset: Enlarged for growth between
0 h — 8 h. The asterisk (*) represents the significant difference (p < 0.05) as compared to

no stress.
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FIG A-2. Heat map representations of the 117 differentially regulated proteins (q < 0.05)
due to pre-adaptation at 10°C for 0.5 h followed by exposure to cold stress at 5°C for 240
h. The proteins are grouped based on the COGs functional annotation. (A) Proteins
related to information storage and processing (COGs J, K &L). (B) Proteins related to
cellular processes (COGs D, O, M, N, P & T). (C) Proteins related to metabolism (COGs
C,G,E, F,H, 1 & Q). Legends of COG categories: J-Translation; K-Transcription; L-
DNA replication, recombination and repair; D-Cell division and chromosome
partitioning; O-Posttranslational modification, protein turnover, chaperones; M-Cell
envelope biogenesis, outer membrane; N-Cell motility and secretion; P-Inorganic ion
transport and metabolism; T-Signal transduction mechanisms; C-Energy production and
conversion; G-Carbohydrate transport and metabolism; E-Amino acid transport and
metabolism; F-Nucleotide transport and metabolism; H-Coenzyme metabolism; I-Lipid
metabolism; Q-Secondary metabolites biosynthesis, transport and catabolism. Color

legends: Dark-Light is High-Low expression intensity.
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APPENDIX B

SUPPLEMENTARY DATA FOR CHAPTER 4
MATERIALS AND METHODS

Labeling S. Typhimurium with Sulfo-SBED. The bacterial surface was labeled
with Sulfo-N-hydroxysuccinimidyl-2-(6-[biotinamido]-2-(p-azido benzamido)-
hexanoamido) ethy-1,3'-dithioproprionate (Sulfo-SBED) (Thermo Scientific, Rockford,
IL). The total protein content on ~10° bacteria’s surface was measured using the BCA
protein assay (Thermo Scientific, Rockford, IL). Assuming an average molecular weight
of 60,000 Da for proteins,10-fold molar excess Sulfo-SBED (dissolved in DMSO at 50
ug/pl) of the determined protein concentration, was added to 10° bacteria suspended in 1
ml of tyrodes buffer. The labeling reaction was continued in dark on ice for 45 minutes
with intermittent shaking. After 45 min the reaction was quenched by adding 2-fold
molar excess glycine as compared to Sulfo-SBED. The bacteria were washed twice with
tyrodes buffer by centrifugation at 6000 x g for 2 min and re-suspended in 1 ml tyrodes
buffer.

Identification of receptors by cell-cell cross linking. Sulfo-SBED labeled S.
Typhimurium (10”) were interacted with ~10° Caco-2 cells in a T-25 flask, in a final
volume of 3.5 ml tyrodes buffer for 60 min at 37°C. At the end of 60 min the bacterial
suspension was aspirated from the flask. The flask was then placed under a 15 watt UV
lamp (302 nm) at a distance of 5 cm for 10 min. The cross linked Caco-2 cells and the
bacteria were re-suspended in 500 pl of lysis buffer (8 M urea, 6.0% ampholytes pH

range 3-10 (Bio-rad Laboratories, Hercules, CA), 0.4 % CHAPS, 0.25 % Triton 100, 0.15
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% n-Dodecyl-B-B-D maltoside, 0.002% bromophenol blue) and 250 pl of glass beads

(0.1 mm, BioSpec Products, Inc, Bartlesville, OK). The samples were homogenized in a
mini-beadbeater (BioSpec Products, Inc, Bartlesville, OK) by giving 3 pluses at full
speed for 30 s with intermittent 1 min incubation on ice. The samples were stored at -
70°C until further use. Cross linked extracted samples were processed with 2D gels and
LC/MS/MS for protein identification. Protein spots were selected from the gels if: 1) the
spot disappeared in reduced conditions as compared to gel run under non-reducing
conditions; 2) the spot had host and the microbe protein in the same spot; 3) the sum of
the molecular weight of the identified proteins matched the observed molecular weight on

the gel. Table B-3 below lists all the proteins identified.



TABLE B-1. Composition of tyrodes buffer.

Constituent Amount
NaCl 8.18 g/L
KCl 0.37 g/L
CaCl, 0.15 g/L
MgCl, 0.20 g/L
HEPES 2.38 g/L
Glucose 1.80 g/L
Na pyruvate 1.10 g/L
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TABLE B-2. Growth of S. Typhimurium in cell culture media (excluding FBS) with

hydrogen peroxide (H>0,).

Concentration of H,O,

Growth

0 mM (Positive control)
1 mM

2 mM

3 mM

4 mM

S mM

6 mM

7 mM

8 mM

9 mM

10 mM

15 mM

20 mM

30 mM

40 mM

50 mM

Negative control (No inoculation)

e
e
e
e
e
e

Legends: +, Growth; -, No growth.
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TABLE B-3. Host (Caco-2 cells) and microbe (S. Typhimurium) binding protein partners identified as using whole cell cross linking.

MW of S. Typhimurium protein PLGS Bacterial Caco-2 protein Peptides PLGS  Host
spot on Score  protein Score protein
gel (Da) MW MW
(Da) (Da)
276408  Putative phage tail like 98.2 10804  Spectrin, alpha, non- 7 446.5 284105
protein (STM2699) erythrocytic 1 (SPTAN1)
102673  Flagellar biosynthesis 87.4 27456  Heat shock 90kDa protein 1 13 651.7 83212
factor FliA (STM1956) beta (HSP90ABI)
93670  Putative cytoplasmic 80.1 9306  Tumor rejection antigen 9 3946 92411
protein (STM4088) gp96 (HSPI90BI)
Actinin alpha 4 (ACTN4) 5 133 104788
131066  Elongation factor Ef-Tu 368 43256  Potein phosphatase 1 14 842.1 115210
(STM4146, STM3445) regulatory subunit 12A
(PPP1R12A)
Heat shock 90kDa protein 1 4 160.5 83212
beta (HSP90ABI1)
Catenin alpha 1 (CTNNAI) 3 100.6 100008
Protein tyrosine phosphatase 2 124.8 80590
receptor type E (PTPRE)
119787  Translation initiation 415.8 97342  Potein phosphatase 1 8 611.6 89396
factor IF 2 (STM3286) regulatory subunit 9B
(PPP1R9B)
Elogation factor Ef-Tu 220.8 43256  Matrin 3 (MATR3) 5 195.5 94564
(STM4146, STM3445) Beta actin (ACTB) 4 1777 41709
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FIG B-1. Determination of optimum concentration of anti-SPTANI1 to block the exposed
alpha spectrin-1 on the cell surface. (A) Anti-SPTAN1 was diluted 1:1000, 1:2000,
1:4000 and 1:8000 and added to epithelial cells to determine the association of cold-
stressed (5°C, 48 h) S. Typhimurium (MOI of 1:100). (B) Anti-SPTANT1 was diluted
1:2000 and 1:4000 and added to epithelial cells to determine the association of non-
stressed S. Typhimurium (MOI of 1:100). Upon incubation with anti-SPTAN1 followed
by incubation with respective bacterial treatments, total host association was measured by

PCR as described in experimental procedures.
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APPENDIX C

SUPPLEMENTARY DATA FOR CHAPTER 5

TABLE C-1. Composition of the chemically defined media

Constituent Amount
L-Ala 100 mg/L
L-Arg 50 mg/L
L-Asn 100 mg/L
L-Cys 20 mg/L
Gly 100 mg/L
L-GIn 100 mg/L
L—His 50 mg/L
L-Ile 20 mg/L
L-Leu 20 mg/L
L-Lys 100 mg/L
DL-Met 20 mg/L
L—Pro 200 mg/L
DL—-Ser 100 mg/L
DL-Thr 100 mg/L
DL—-Val 100 mg/L
L-Asp 100 mg/L
L-Glu 400 mg/L
L-Trp 25 mg/L
L—Phe 20 mg/L
L-Tyr 50 mg/L
Pyridoxal 5 mg/L
Pyridoxamine 5 mg/L
Adenine 25 mg/L
Guanine 25 mg/L
Uracil 25 mg/L
Xanthine 25 mg/L
Mevalonic acid lactone (10%) 0.1 ml
Na—acetate 5000 mg/L
Na—citrate 2000 mg/L
K—phosphate (monobasic) 1000 mg/L
K—phosphate (dibasic) 1000 mg/L
NaCl 200 mg/L

CaCl, 200 mg/L
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MgSOy4 200 mg/L
MnSOy4 50 mg/L
Tween 80 1 ml

Tween 20 1 ml
Glycerol 1 ml
Vitamins® 20 ml

Trace Elements® 2.5 ml

Sugar 5000 mg/L
MOPS/MES Final Conc 190 mM

*Vitamins - Sigma R—7256 vitamin mixture.
Trace elements stock solution: 2.85 g H3BOs, 1.8 g MnCl,.4H,0, 1.36 g FeSO4.7H,0,
1.77 g Na Tartarate, 26.9 mg CuCl,.2H,0, 20.8 mg ZnCl,, 40.4 mg CoCl,.6H,0O and 25.2

mg Na,Mo04.2H,0 dissolved in 1000 ml dH,O and adjusted to pH 4.0 with H,SO4.
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TABLE C-2. Significantly (g < 0.05) regulated gene sets with coordinately regulating

genes, in epithelial cells due to infection with cold-stressed (5°C, 48 h) S. Typhimurium

as compared to infection with non-stressed S. Typhimurium. This effect is due to

extracellular cold stress to S. Typhimurium, which is beyond the effect of the infection of

epithelial cells with non-stressed S. Typhimurium.

Enriched gene sets in Caco-2 cells due to Genes Size of Regulation FDR
infection with cold-stressed S. gene

Typhimurium Regulated set g value
Electron transport chain 35 61 Induced 0
Formation of a pool of free 40s subunits 51 74 Induced 0
Formation of ATP by chemiosmotic

coupling 10 13 Induced 0
GTP hydrolysis and joining of the 60s

ribosomal subunit 56 84 Induced 0
Peptide chain elongation 51 75 Induced 0
Regulation of gene expression in beta

cells 52 79 Induced 0
Viral mRNA translation 51 75 Induced 0
Regulation of beta cell development 52 82 Induced 0
Translation 61 97 Induced 0
Influenza viral RNA transcription and

replication 56 90 Induced 0
Glucose regulation of insulin secretion 50 125 Induced 0
Formation of the ternary complex and

subsequently the 43s complex 25 34 Induced 0
Insulin synthesis and secretion 66 107 Induced 0
Influenza life cycle 71 126 Induced 0
Translation initiation complex formation 26 40 Induced 0
Regulation of insulin secretion 51 147 Induced 0
Cdc20 phospho Apc mediated

degradation of cyclin-a 24 57 Induced 0
Cell cycle checkpoints 38 98 Induced 0.01
Cdt1 association with the cdc6 orc origin

complex 22 49 Induced 0.01
Snrnp assembly 22 44 Induced 0.01
Regulation of Apc activators between G1

S and early anaphase 26 64 Induced 0.01
Diabetes pathways 130 283 Induced 0.01
Mitotic M G1 phases 62 132 Induced 0.01
Vif mediated degradation of apobec3g 19 45 Induced 0.01
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G1 S transition 39 87 Induced 0.01
G2 m checkpoints 21 37 Induced 0.02
Scf skp2 mediated degradation of p27

p21 19 47 Induced 0.02
Cyclin e associated events during G1 S

transition 24 53 Induced 0.02
Integration of energy metabolism 50 168 Induced 0.02
Cell cycle mitotic 98 251 Induced 0.02
DNA replication pre initiation 27 69 Induced 0.02
Metabolism of proteins 80 171 Induced 0.03
Autodegradation of cdhl by cdhl Apc 20 53 Induced 0.04
S phase 38 94 Induced 0.04
Phase II conjugation 18 32 Induced 0.04
P53 independent DNA damage response 17 41 Induced 0.05
M G1 transition 22 57 Induced 0.05
Amino acid and oligopeptide slc

transporters 15 27 Repressed 0.01
Amino acid transport across the plasma

membrane 13 21 Repressed  0.05
Gluconeogenesis 17 27 Repressed  0.01
Glucose metabolism 24 48 Repressed  0.07
Glycolysis 13 17 Repressed  0.00
Inorganic cation anion slc transporters 23 45 Repressed  0.08
Regulation of insulin like growth factor

activity by insulin like growth factor

binding proteins 3 8 Repressed ~ 0.08
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FIG C-1. Induction of ‘viable but non-culturable’ (VBNC) state in S. Typhimurium using
chemically defined media (for media composition see Table C-1). (A) Viability of
bacteria measured using LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen,
Carlsbad, CA). (B) Culturable bacteria measured using pour plate method with nutrient
agar (Difco, Detroit, MI) and live bacteria measured using LIVE/DEAD BacLight
Bacterial Viability Kit . After 100 h, the bacteria were not culturable on nutrient agar, but

they were still viable as observed by number of live bacteria.
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FIG C-2. Association of VBNC and stationary phase S. Typhimurium to epithelial cells
(Caco-2 cells) measured using PCR, as described in materials and methods section of

Chapter 4.
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