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ABSTRACT
Salmonella enterica serotype Typhimurium is a rod-shaped, motile, Gramnegative bacterium that causes gastroenteritis in immunocompetent individuals. S.
Typhimurium produces an extracellular protein termed curli, a bacterial amyloid
with a cross beta-sheet tertiary structure that is common across all amyloids. Curli
formation is critical for biofilm formation by enteric pathogens such as S.
Typhimurium and E. coli. Curli expression requires the production of multiple
proteins, which are encoded by two operons known as csgBAC and csgDEFG. Curli
production can be induced in vitro by low temperature and low osmolarity, which is
evident by growth on T-medium plates for 72 hours at 28oC. Earlier studies have
shown that curli is expressed in sepsis patients with E. coli, as well as in mice after S.
Typhimurium infection. This is evidenced by the production of antibodies to CsgA,
the major subunit of curli. Our lab has shown that curli fibers are recognized by the
TLR2/TLR1 complex of the innate immune system during infection. Infection with
curli expressing bacteria causes elevated levels of proinflammatory cytokines, nitric
oxide, and autoantibodies. Nonetheless, the details of curli expression in vivo during
bacterial infection remain unknown.
The focus of these studies was to elucidate the location where bacteria
expresses curli in vivo during infection. Initially, we used S. Typhimurium strains
carrying plasmids with csgB and csgD promoter regions fused to the gfp gene to
study curli expression in vivo by use of flow cytometry. Unfortunately, we were
unable to determine curli expression with this model, due to the diminished
fluorescence intensity of GFP under anaerobic conditions in the gastrointestinal
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tract. As the question of curli expression in vivo was left unanswered, we next used a
long-term infection model of S. Typhimurium with the goal of determining
seroconversion to curli as well as the location and timing of curli expression. Using
CBA/J mice infected with wild-type S. Typhimurium or a curli mutant strain, we
were able to identify seroconversion to CsgA in the mice infected with the wild-type
strain through ELISA and western blot analysis. We were also able to identify
autoantibody production in mice infected with the wild-type strain through ELISA.
However, we were unable to determine curli expression in the feces of mice either
by western blot or qPCR data. We were also able to identify autoantibody
production in mice infected with the wild-type strain through an anti-double
stranded DNA ELISA. Preliminary findings lead us to hypothesize that curli
expression may occur very early on in infection, and may be expressed inside cells
such as macrophages. Overall, our results partially elucidate curli expression in vivo,
although more research is needed in order to answer our remaining questions
regarding location and timing of expression.
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CHAPTER 1
INTRODUCTION
Salmonella enterica serovar Typhimurium
Salmonella enterica is a gram negative, motile, rod-shaped facultative enteric
bacterium that belongs to the Proteobacteria phyla. It is a member of the
Enterobacteriaceae family, which includes a closely related bacteria Escherichia coli.
S. enterica infect the host by means of a fecal-oral route, causing one of three disease
states: typhoid fever, gastroenteritis, or bacteremia. Typhoid fever is caused by S.
enterica serovar Typhi. In contrast, Salmonella enterica serovar Typhimurium as
well as other non-typhoidal Salmonella species (NTS), cause gastroenteritis
(diarrhea) in immunocompetent individuals. In immunocompromised individuals,
these non-typhoidal bacteria can cause bacteremia. For instance in AIDS patients, S.
Typhimurium causes bacteremia, which often ends up fatal (1). Once ingested, S.
Typhimurium invades the M cells in the gastrointestinal tract, primarily in the
terminal ileum. After it translocates from the M cells to the lamina propria, S.
Typhimurium lives in Salmonella-Containing Vacuoles (SCVs) mainly inside
macrophages. During typhoid fever and bacteremia, S. enterica disseminates from
the intestine and colonize systemically in the host (2).
NTS serovars infect immunocompetent individuals and cause gastroenteritis
by producing a diarrheal disease in which it stays localized to the terminal ileum as
well as mesenteric lymph nodes and infrequently, the colon (3). S. Typhimurium and
S. Enteritidis are the two most common gastroenteritis culprits in the U.S. (4). In
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mice with Nramp deficiency, such as C57BL/6 mice, infection with S. Typhimurium
induces a bacteremic state, causing an invasive bloodstream infection instead of
gastroenteritis. This mouse model closely resembles Typhoid fever. In contrast,
mice without NRAMP deficiency such as SvJ129 or CBA mice are resistant to S.
Typhimurium infection where S. Typhimurium causes a long-term persistent
infection. Although the bacteria colonize the liver, spleen, and other systemic sites,
mice survive the infection and become persistent carriers of the bacteria.
Conversely, in resistant mouse strain C3H/HEJ, there is a mutation in the pattern
recognition receptor (PRR) toll-like receptor (TLR) 4, which makes these mice more
resistant to S. Typhimurium infection. However, eventually the bacterial load
becomes too great and the mice succumb to infection, usually at around day 6 (2, 5).
S. enterica uses two type III secretion systems (T3SS) to survive in the host.
The T3SS1 is on Salmonella pathogenicity island 1 (SPI1), which injects effector
proteins across the plasma membrane into the M cells. This allows for the bacteria
to invade, a necessary step for dissemination into the lamina propria. The second,
T3SS2, which is on SPI2, blocks lysosome-phagosome fusion, allowing S.
Typhimurium to survive in a (SCV) within macrophages (6, 7, 8). T3SS2 will also
translocate effectors across the SVC and are required for modulation of the
intracellular environment (9).
In addition to SPI1 and SPI2, S. Typhi expresses another virulence factor,
which is encoded on SPI7 (10). The viaB locus on SPI7 encodes genes required for
regulation (tviA), export (vexA,B,C,D, and E), and biosynthesis (tviB,C,D, and E) of the
2

virulence-associated (Vi) capsular polysaccharide (11,12). This virulence factor
leads to an alteration in the interaction between S. Typhi and the innate immune
system through Vi capsule expression and changes in regulation of virulence gene
expression by tviA (2). Expression of Vi capsule also allows S. Typhi to evade
complement activation, as it prevents C3b deposition, preventing phagocytosis and
killing by neutrophils (13,14). Vi capsule also prevents formation of C5 convertase,
which prevents cleavage of C5 into C5a and C5b. This results in impaired clearance
by neutrophils (15) and reduced TLR-dependent immune responses (16, 17, 18).
For example, Vi capsule expression masks TLR4 recognition of LPS, preventing its
recognition by the host (19). TviA also downregulates flagellin expression,
preventing TLR5 recognition of Salmonella (20, 21, 22). Expression of the Vi capsule
is not needed in the intestinal lumen, and therefore is repressed. However, once the
bacteria leave the gut, Vi capsule expression is necessary for survival, and therefore
is activated (23, 24). Taken together, the Vi capsule allows the bacteria to survive
and enables them to leave the gut and infect systemic sites in the host (16).
Recognition of S. Typhimurium by the host occurs in a number of ways. LPS
produced and expressed on the surface of the bacteria are recognized by TLR4 (25).
Systemic infection by S. Typhimurium produce other pathogen associated molecular
patterns (PAMPs), such as lipoproteins (which are detected by TLR2) and non
methylated CpG DNA (recognized by TLR9), which are able to be detected by the
host immune system (26). Flagellin is recognized by TLR5 and NLRC4/caspase-1
(27, 28). During gastroenteritis, recognition of flagellin (which is expressed on the
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basolateral side of the epithelial cells in the intestine) will lead to CD4+ T cell
activation (27). Following TLR activation, MAPK pathways are triggered, which
leads

to

cytokine

and

chemokine

production

and

the

recruitment

of

polymorphonuclear lymphocytes (PMNs), inducing acute intestinal inflammation
(9).
During infection, S. Typhimurium preferentially infects M2 macrophages.
Once inside the macrophages, a variety of immune responses are activated,
including complement activation by the O-antigen of lipopolysaccharide (LPS). LPS
also activates the TLR4/CD14/MD2/MyD88 complex on the host cell membrane and
TLR4/CD14/MD2/TRIF complex on the SCV membrane. Activation of these leads to
activation of NFkB and IRF3, leading to the production of pro-IL-1ß, pro-IL-18, and
IFNß by means of IRF3 and ISRE3 binding. After IFNß release, STAT1 and STAT2
form a heterodimer where they activate IRF9, which then binds to ISRE3. This
binding leads to expression of guanylate-binding proteins (GBPs), which will
associate with the SCV, leading to the eventual lysis of the SCV (29). This will release
bacteria into the cytosol of the cell. The bacterial products released will activate
NLRP3, a Nod-Like Receptor (NLR). Bacterial Flagellin and a type 3 secretion system
structural component will also activate an NLR, NLRC4 (also known as Ipaf). Both
NLRs will induce pyroptosis as well as IL-1ß and IL-18 release. LPS will also activate
caspase-11, which will induce pyroptosis (2, 30). It is also known that cytoplasmic
flagellin can activate caspase-1 and subsequent secretion of IL-1ß by action of
NLRC4. This situation does not include TLR5, which is the PRR for flagellin (31).
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However, during systemic S. Typhimurium infection, flagellin is down-regulated,
and therefore is able to evade NLRC4 activation (32).

Bacterial Biofilms
Bacteria have the ability to attach and adhere to a variety of surfaces and
form bacterial communities termed biofilms. These biofilms are encased in an
extracellular matrix (ECM), which is formed by the bacteria. Biofilm formation is a
key survival strategy for bacteria living both in nature and in the human body. These
biofilms are important to human health, as they can form on biological and nonbiological surfaces as well as medically implanted devices. Biofilm formation occurs
in cyclic stages, including initial attachment, irreversible attachment, maturation,
and dispersal. During initial attachment, bacteria use proteins, polysaccharides, as
well as other extracellular appendages to attach to a surface. Next, bacteria will
produce adhesion molecules in order to form irreversible attachment. This type of
attachment is unable to be disrupted by agitation. During the maturation stage, the
ECM is formed, and is necessary for proper biofilm formation. The final step is
dispersal of the biofilm, where bacteria leave the biofilm and grow planktonically,
where they can continue growth in this fashion or move elsewhere to establish a
new biofilm. In this way, both single species and multispecies biofilms are able to
form (33, 34, 35).
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The ECM components typically found in biofilms include polysaccharides,
DNA, and proteins. Polysaccharides are abundant in the ECM of biofilms and can
range in type, including PNAG, Pel/Psl, alginate, and cellulose to name a few. In
Staphylococcus aureus as well as other bacterial biofilms, PNAG (poly-Nacetylglucosamine) or a similar polysaccharide is present in the ECM. In certain
Staphylococcus aureus strains, their biofilms are dependent on PNAG. It was
discovered that an extract of 33 exoproteins from PNAG were able to induce a
humoral immune response. Immunization with this extract was able to induce the
production of IL-17 and IL-10 (36). Pseudomonas aeruginosa biofilms contain two
exopolysaccharides known as Pel and Psl, which have distinct properties in the
biofilm. Pel mediates close contact between P. aeruginosa and S. aureus mixed
species biofilms and Psl allows for P. aeruginosa to form a single-species biofilm on
top of a S. aureus biofilm (37). Alginate, another exopolysaccharide produced by
bacteria that colonize cystic fibrosis lung tissue, has been studied in P. aeruginosa
and was found to have immune properties (38). It is known that alginate can
stimulate cytokine production by monocytes in a CD14-dependent manner. It is also
known that TLR2 and TLR4 are involved in signaling TNF production from
monocytes in response to alginate (39). The carbohydrate polymer cellulose is
present in enteric biofilms including E. coli and S. Typhimurium, and is the second
most abundant component in these biofilms (40).
Extracellular DNA (eDNA) is an important component of the ECM of biofilms,
first described in P. aeruginosa to be required for bacterial biofilm formation (41),
6

and later described in both gram negative and positive biofilms including
Helicobacter pylori (42) and Staphylococcus aureus (43). Production of eDNA has
been studied more extensively in P. aeruginosa, where it is known that eDNA is
generated by lysing a subpopulation of bacteria and aids in biofilm stabilization
(44). It is believed that other bacterial biofilms that release DNA also require it for
proper biofilm formation (41).
Amyloids are another component of the ECM of bacterial biofilms and are
known to be present in many phyla including Proteobacteria, Bacteroidetes,
Actinobacteria and Chloroflexi. These proteins are found in up to 40% of all
bacterial biofilms found in nature (45). Amyloids aid in the formation of biofilms by
mediating adherence in between bacteria as well as surfaces (46). These fibrillary
structures are PAMPs recognized by the innate immune system. The bacterial
amyloid curli is a major component of enteric biofilms. The machinery that encodes
curli is widespread, with csg homologues found in many different bacteria within
four different phyla, including Bacteroidetes, Proteobacter, Firmicutes, and
Thermodesulfobacteria (47). Curli is the most well-characterized bacterial amyloid
to date (48, 49).
Enteric bacteria including S. Typhimurium are known to form biofilms on
materials involved in food processing, including steel and plastic. Since these
bacteria can form on surfaces involved in food processing, the contamination of food
can lead to widespread disease outbreaks of Salmonellosis. Disruption of parts of
the extracellular matrix like cellulose and curli prevent S. Typhimurium biofilm
7

formation (50,51). With this in mind, it is imperative to further understand the
mechanisms by which these bacteria form biofilms and cause disease. As mentioned
previously, the bacterial amyloid curli has been extensively studied, but their
expression has yet to be fully understood. Therefore, understanding amyloids, and
more specifically bacterial amyloids, can help aid in these studies.

Amyloids
Amyloids are proteins that have a fibrillar, quaternary cross beta pleated
sheet structure. Descriptions of amyloids date back to the 1700s with observations
of stones in the spleen during an autopsy. These stones were described as starchlike granules, and are now known to be amyloids (52). Two hundred years later, the
term amyloid was first coined by Dr. Rudolf Virchow. He found that these amyloids
stained positively with iodine in a similar fashion to starch and amylin (53). Later in
the 20th century, amyloid composition was determined to be protein, not starch
(52). Amyloids are highly resistant to protease digestion, and can only be denatured
and broken down into monomers using acid treatment. Although amyloids differ by
amino acid sequence, their structure is conserved among all amyloids, which form
crossed beta sheets that form perpendicular to the axis of the fiber (54).
Visualization of amyloid fibers can be accomplished by staining with Congo Red
paired with a green birefringence under polarized light or with Thioflavin T (55).
Amyloid deposition in organs occurs in many neurodegenerative diseases,
including Huntington’s and Alzheimer’s disease. Prion diseases and Type II diabetes
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have also been linked to amyloid deposition in the brain and pancreas, respectively
(56). Some of these disease states are associated with misfolding of normal proteins,
which lead to conversion into intractable aggregates, or amyloid fibrils (57).
Conversely, recent research has provided evidence that some organisms have highly
regulated pathways that guide the biogenesis of amyloids. These types of amyloids
are termed “functional amyloids” as they are involved in physiological processes
(58, 47, 49). Functional amyloids like pMel17, form fibers in order to eliminate
potentially toxic intermediate aggregates in the host, such as melanin. Another
functional amyloid involves proteins or peptides of hormones in the endocrine
system, which are stored in an amyloid-state in granules where they contribute to
the normal physiology of cells (59, 60).
Bacteria also express functional amyloids, with the first being described in E.
coli with their expression of the amyloid curli. Curli fibers have many physiological
properties, including interaction with host tissues, biofilm formation, and host
immune system evasion (55). After this initial discovery of functional amyloids in
bacteria, other bacterial amyloids were discovered, including FapC in multiple
Pseudomonas species (58), TasA in Bacillus Subtilis (61), phenol soluble modulins
(PSMs) in S. aureus (62), and the PI adhesion protein in Streptococcus mutans (63).
Recent research has highlighted the role of amyloids in host infections.
These fibrillary structures act as pathogen associated molecular patterns (PAMPs)
that are recognized by the innate immune system. Microbial amyloids, including the
well-known bacterial amyloid curli, produced by enteric pathogens including E. coli
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and Salmonella Typhimurium, are known to be recognized by the Toll-like receptor
(TLR) 2/1 heterocomplex (64, 65). The adaptor protein CD14 enhances the
activation of TLR2/1 by curli fibers. CD14 was found to increase IL-6 and nitric
oxide (NO) production by macrophages when stimulated with the curli amyloid
(46). The TLR2/1 recognition of curli leads to the induction of interleukin 17A (IL17A) and IL-22, which are Th17 cytokines during infection in the gut (66). Recent
research has shown that NLRP3 inflammasome cooperates with TLR2 to induce
pyroptosis (46, 67). As mentioned previously, curli fibers appear to be expressed
during S. Typhimurium infection in mice and in E. coli sepsis patients (68, 69). In
uropathogenic bacteria, curli producing bacteria bind to LL-37, thereby inhibiting its
bactericidal activity and preventing killing by LL-37 (70).
In mice, amyloids have also been shown to be related to systemic
autoimmunity. Jeremy Di Domizio and colleagues provided evidence that nucleic
acid-containing amyloid fibers were able to potently induce type I interferon
production as well as stimulate systemic autoimmunity in lupus-prone mice (71).
More recently, our lab, in collaboration with Stefania Gallucci’s lab, found that
amyloid-DNA composites that form in the biofilms of S. Typhimurium and E. coli of
bacterial biofilms stimulate autoimmunity. When curli-DNA composites are given
systemically to mice or when mice are infected with curli producing S.
Typhimurium, immune activation is triggered, and the mice develop autoantibodies
in lupus-prone and wild-type mice (72).
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Curli Biogenesis
Curli is encoded by the csg gene cluster, composed of csgBAC and csgDEFG
genes and are assembled via a nucleation-precipitation pathway (73). These
operons form several proteins that make up and allow for proper assembly and
expression of curli. The first operon, csgBAC, encodes for genes csgA, csgB, and csgC.
The csgA gene encodes the major subunit of curli, CsgA which forms the curli fibers.
The csgB gene encodes CsgB, which is the curli nucleator, allowing for the formation
of the curli fibers by CsgA as it localizes to the cell surface, forming a base for CsgA
to polymerize (74). CsgC is a periplasmic protein that inhibits amyloid formation in
the cytoplasm, and does this by inhibiting the beta-sheet transition (75).
The second operon, csgDEFG, encodes for genes csgD, csgE, csgF, and csgG.
CsgD is the regulator for the csg gene cluster, bi-directionally activating both csgBAC
and csgDEFG. It is a transcriptional activator, responsible for formation and
production of curli (73). CsgG is a lipoprotein which forms a pore, allowing for the
excretion of CsgA and CsgB to the extracellular surface (74). CsgE inhibits
premature amyloid formation within the periplasm of the cell as well as directs
CsgA to the CsgG pore (76). CsgF serves as a patrol molecule, making sure that CsgA
and CsgB do not polymerize ineffectively. It is also helps CsgB localize to the cell
surface, allowing for proper fiber formation (77) (Fig. 1).
The expression of curli fibers is restricted to conditions including low
temperature and low osmolarity in the laboratory (78). Indirect evidence of curli
expression has been found in vivo using mice inoculated with S. Typhimurium
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grown under non-curli inducing, standard laboratory conditions. Forty-five days
following inoculation, mice showed seroconversion to CsgA, the major curli subunit
(68). In a separate study, antibodies against CsgA was found in E. coli sepsis patients
but not in the serum of healthy individuals, suggesting that curli expression
occurred at some point during infection (69). It has also been shown that curli fibers
are expressed in the urine of urinary tract infection (UTI) patients (70).

12

Figure 1. The csg gene cluster encodes curli. Overview of the various csg genes that
make up the csg gene cluster, with definitions of each genes role in curli biogenesis.
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Project Aims
The ability of the host immune system to recognize curli has been well
established. Previous work has also shown indirect evidence for curli expression
both in humans and in mice. However, direct evidence of curli expression has yet to
be shown. In this study, we investigated the expression of curli fibers by use of two
S. Typhimurium infection models.

Identifying the Location of Curli Expression
The first aim of the project was to identify expression of curli as well as
particular locations in the mouse that curli was expressed. To do this, we used
C3H/HEJ mice, which have a spontaneous mutation in the TLR4 gene, making the
mice more resistant to LPS as well as S. Typhimurium (Poltorak, 1998). This allowed
us to carry out a six-day infection model without the mice succumbing to the
infection. Ampicillin was added to the drinking water of mice one day before
infection to help S. Typhimurium strains retain the GFP reporter plasmids. After the
mice were sacrificed, flow cytometry was used to visualize GFP expression in
bacteria in various organs in the mouse. Results of this study were inconclusive, as
flow cytometry was not sensitive enough to detect expression.

Comparison of Wild-type and Curli Mutant Strains of S. Typhimurium
The second aim of the project was to determine the expression of curli in a
chronic infection model using CBA/J mice, which are genetically resistant to S.
14

Typhimurium infection. The bacterial burdens in mice inoculated with either wildtype S. Typhimurium that can produce curli, or its isogenic csgBA mutant was
compared. Fecal samples were collected weekly and graphed to compare bacterial
burdens between groups of mice. At the conclusion of the experiment, organs were
removed to compare systemic bacterial burdens. The results of this experiment
show that both strains were able to infect the host at the same rate, yielding no
differences between bacterial burdens at any time point. This suggests that curli
does not appear to be necessary for proper infection in these mice. Antibodies to
curli by the mice were also studied. During the course of infection, serum was
obtained for use in western blot and ELISA assays in order to look at seroconversion
of curli. Our results show that mice seroconverted to csgA, as evidenced by western
blot and IgG ELISA. Fecal samples obtained throughout the experiment were studied
as well, with the intent to identify curli expression in the gastrointestinal tract. This
was performed using western blot and quantitative real-time PCR (qPCR).
Taken together, these data indicate that S. Typhimurium expresses curli
during a six week long infection in mice, providing evidence for curli expression in
vivo.
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CHAPTER 2
MATERIALS AND METHODS
Bacterial Strains, plasmids, and growth conditions
For this study, various S. Typhimurium IR715 strains were used. S.
Typhimurium IR715 (IR715) is a fully virulent, nalidixic acid-resistant strain
derived from the ATCC strain 14028 (79). An unmarked deletion of csgBA in S.
Typhimurium IR715 (IR715 csgBA) has been recently described (66).

S.

Typhimurium expressing green fluorescence protein (GFP) under the control of the
curli promoter was obtained by cloning the csgBA promoter from IR715 using
forward primer 5’ GGAATTCGAGACGTGGCATTAACCTGGACAGCACAA3’ and reverse
primer 5’GGGATCCGCTGTCACCCTGGACCTGGTCGTACATAGC 3’. The resulting PCR
product was then cloned into upstream of a gene encoding GFP on plasmid pDW6,
which was generously provided by Dr. Brad Cookson from University of
Washington, leading to plasmid pIR71525 (PcsgBA::gfp) (csgB GFP) (72). S.
Tyhpimurium expressing GFP under the control of the curli promoter was obtained
by

cloning

the

csgD

promoter

from

IR715

5’GGAATTCGCTGTCACCCTGGACCTGGTCGTACATAGC3’

using

forward

primer

and

reverse

primer

5’GGGATCCTGATGAAACTCCACTTTTTTTAATCGCACATCTG3’, with the resulting PCR
product being cloned into upstream of a gene encoding GFP on plasmid pDW6,
leading to plasmid pIR71526 (PcsgD::gfp) (csgD GFP) which was then electroporated
into S. Typhimurium IR715. S. Typhimurium IR715 also harboring pDW6 with
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promoterless GFP in pBR322 was used as a negative control (Ppromoterless::gfp)
(promoterless GFP). As a positive control, S. Typhimurium IR715 harboring pDW5,
which expresses GFP constitutively under the control of the tetA promoter
(PtetA::gfp) (tet GFP) was used. The above GFP expressing strains are all ampicillin
resistant. For optimal growth conditions, strains were inoculated in 5mL of LuriaBertani (LB) broth with either nalidixic acid (50ug/ml) (Fisher Bioreagents) or
ampicillin (200ug/ml) (Sigma) and incubated overnight at 37°C with 200rpm
agitation. To induce curli expression, strains were grown on Tryptone agar (T
medium) plates at 28°C for 72 hours (80, 64). Expression of curli was confirmed
through Flow cytometry using the above GFP expressing strains of S. Typhimurium
IR715.

Bacterial Burden Analysis
To analyze bacterial burdens in vivo, fecal samples as well as organs were
prepared for bacterial plating. For fecal preparation, 2 fecal pellets were collected,
weighed, and re-suspended in 5ml PBS. Once re-suspended, the samples were
diluted in 10-fold dilutions and plated on LB plates supplemented with nalidixic acid
at dilutions ranging from 100 to 10-4. Plated bacteria were grown overnight at 37oC.
After overnight growth, colonies were counted and colony forming units
(CFU)/gram was determined.
To analyze organ bacterial burdens, organs were removed, weighed, and
homogenized (IKA T25 digital ULTRA-TURRAX) in 5ml PBS. Once homogenized,
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100ul of each sample was plated (100) on LB plates supplemented with nalidixic
acid and grown overnight at 37oC. After overnight growth, colonies were counted
and CFU/gram was determined.
For cecum samples, gentamycin treatment was performed before
homogenization. Cecum samples were washed two times in 1ml PBS in eppendorf
tubes. Once washed, cecum samples were incubated in a PBS plus gentamicin
solution (10ul gentamicin in 1 ml PBS) for one hour at 37oC. After incubation, cecum
samples were washed in PBS three times, and then added to 5ml of PBS in a 50mL
conical tube, weighed, and homogenized. Once homogenized, samples were diluted
in 10-fold serial dilutions and plated on LB plates supplemented with nalidixic acid
at dilutions 100 to 10-3.

Analysis of Curli expression in vitro
Analysis of curli expression in S. Typhimurium strains was accomplished
through Flow Cytometry using the S. Typhimurium IR715 strains expressing GFP.
Strains were prepared under curli-inducing conditions on T- medium, for 72 hours
or in 5ml of LB broth with appropriate antibiotics overnight with shaking as stated
above. To prepare plated bacteria for flow cytometry, bacteria were re-suspended in
5ml of PBS and centrifuged at 4,000rpm for 10 min at 4°C using an Eppendorf
Centrifuge 5804 tabletop centrifuge. The supernatant was then removed and the
pellet was re-suspended in 400ul PBS and 400ul 2.5% paraformaldehyde (PFA) in
PBS. 20uL of 10% sodium azide was then added to the samples. To prepare
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overnight bacterial cultures for flow cytometry, 5mL cultures were centrifuged at
4,000rpm for 10min at 4°C (5804 tabletop centrifuge). The supernatant was
removed and pellet was re-suspended in 5mL PBS. 400uL of the new suspension
was removed and placed in a FACS tube and 400uL 2.5% PFA in PBS and 20uL 10%
sodium azide was added. The promoterless GFP strain as well as the tet GFP strain
were used as controls to gate the channels for flow cytometry. FITC-A and PerCPCy5-5-A channels were used. Detection was completed using the FACSCanto Flow
Cytometer (BD Biosciences). Data analysis was accomplished through FlowJo
software (Treestar, Inc,; Ashland, OR).

Analysis of GFP Expression in Different Growth Conditions using S.
Typhimurium carrying the plasmid pDW5
Analysis of GFP expression was examined in two growth conditions,
anaerobic and aerobic in order to determine GFP fluorescence intensity between the
two growth states. For aerobic growth, tet GFP was grown on a T-medium plate at
37oC for 48 hours. For anaerobic growth, tet GFP was grown on a T-medium plate at
37oC for 48 hours in an anaerobic chamber (BD BBL GasPak System). After 48 hours,
both plates were removed and colonies were collected and prepared for flow
cytometry as described above. FITC-A and PerCP-Cy5-5-A channels were used for
detection, which was completed using FACSCanto Flow Cytometer (BD Biosciences).
Data analysis was accomplished through FlowJo software (Treestar, Inc,; Ashland,
OR).
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Analysis of Curli expression in Vivo using S. Typhimurium strains Carrying
Plasmids with the gfp Gene
Analysis of curli expression in S. Typhimurium infected C3H/HEJ mice were
accomplished through Flow Cytometry of prepared infected organs. Infections were
completed via oral gavage. To prepare organs for flow cytometry, organs were first
placed in 50ml conical tubes with PBS with 1% TritonX-100 in PBS and
homogenized using a 40micron filter or placed in 50ml conical tubes filled with PBS
and homogenized using a homogenizer (IKA T25 digital ULTRA-TURRAX). After
homogenization, samples were filled with PBS and spun down at 4,000 rpm for ten
minutes at 4°C using an Eppendorf Centrifuge 5804 R tabletop centrifuge. The
supernatant was removed and the pellet was re-suspended in 800ul PBS. Samples
were then transferred to a microcentrifuge tube and filled to the top (1.5mL) with
PBS, where they were spun at max speed (1500 rpm) for 5 min using an Eppendorf
centrifuge 5424 tabletop centrifuge. The supernatant was removed and the pellet
was re-suspended in 400ul PBS and 400ul PBS with 2.5% paraformaldehyde in a
FACS tube. 10ul of 10% sodium azide was then added to the samples. Samples
prepared for flow cytometry were analyzed using a FACSCanto Flow Cytometer (BD
Biosciences) for GFP expression. FITC-A and PerCP-y-5-5-A were used as the
channels. FloJo software was used for data analysis (Treestar, Inc.; Ashland, OR).
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Analysis of Curli expression in Fecal Samples using S. Typhimurium strains
Carrying Plasmids with csg Genes Fused Behind the gfp Gene
Analysis of curli expression was also analyzed using fecal samples from oralgavage infected mice using flow cytometry. Fecal samples were prepared in one of
two ways. First, fecal pellets were re-suspended in a 15ml conical tube with PBS.
Then, using a 40micron filter, samples were filtered into a 50ml conical tube and
washed two times with PBS. The 50ml conical tube was then filled with PBS and
centrifuged using an Eppendorf Centrifuge 5804 R tabletop centrifuge at 4,000 rpm
for 10 min at 4°C. The supernatant was removed and the pellet was re-suspended in
400ul PBS and 400ul PBS with 2.5% paraformaldehyde in a FACS tube. 20ul of 10%
sodium azide was then added to the samples. Alternatively, fecal samples were
vortexed in a 15ml conical tube with 5ml PBS until a single cell suspension was
achieved. Next, the sample was allowed to settle for 1-2 minutes, where the
supernatant was removed and placed in a new 15ml conical tube. The supernatant
was centrifuged at 4,000 rpm for ten minutes at 4°C using an Eppendorf Centrifuge
5804 R tabletop centrifuge. The supernatant was removed and the pellet was resuspended in 400ul PBS and 400ul PBS with 2.5% paraformaldehyde in a FACS tube.
20ul 10% sodium azide was then added to the samples. At the flow cytometer,
samples were vortexed and allowed to settle for roughly one minute. Once settled,
the supernatant was removed and placed into a new FACS tube, which was then
used for flow cytometry analysis. Samples prepared for flow cytometry were
analyzed using a FACSCanto Flow Cytometer (BD Biosciences) for GFP expression.
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FITC-A and PerCP-y-5-5-A were used as the channels. FloJo software was used for
data analysis (Treestar, Inc.; Ashland, OR).

Western Blot Analysis
To detect curli expression by western blot, fecal and bacterial samples were
prepared through formic acid treatment as described previously (78, 79). Briefly,
samples were washed in 500ul PBS (re-suspended in PBS and then centrifuged) and
then re-suspended in 100uL 90% formic acid and snap frozen in liquid nitrogen.
Next, formic acid was removed using a Savant Speed Vac Concentrator (Thermo
Scientific) for roughly 1 hour. Samples were then re-suspended in 100ul of PBS and
SDS-PAGE loading buffer (50ul PBS and 50ul 1x SDS-PAGE loading buffer) and
boiled for ten minutes. For fecal sample preparation, a miniscule portion of one
pellet of feces (about 1/8 of one pellet) was used as the sample for formic acid
treatment as described above. For bacterial western blots, bacterial strains were
grown under curli inducing conditions using T-medium plates for 72 hours and then
colonies from the plate were washed in 500ul PBS and underwent formic acid
treatment as described above. For serum western blots, a GST-CsgAR1-5 fusion
protein (CT80) was used for detection of curli at a concentration of 16ug/10ul.
Briefly, a concentration of 1.6ug/10ul sample or 16ug/10ul sample of the fusion
protein was suspended in 1x SDS and sterile water. The samples were then boiled
for five minutes.
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For Western Blot analysis, 10uL of the prepared samples (described above
using formic acid treatment or boiling with SDS) were loaded onto a 12% SDSpolyacrylamide gel and underwent electrophoresis using BIO-Rad Mini-PROTEAN
Tetra System. Proteins were transferred to a PVDF membrane using a Semi-Dry
Transfer Cell (Bio-Rad) for one hour (15V, 0.15A per membrane). For fecal and
bacterial samples, membranes were then incubated for one hour in a 1:1000
dilution of pre-absorbed anti-Agf made in blocking buffer (1x PBS containing 5%
non-fat dry milk and 0.05% Tween 20). For serum western blots using GST-CsgAR15, the membranes were incubated overnight in a 1:200 dilution of mouse serum
obtained from long term infections using cardiac puncture (weeks 5-7) in a 3% BSA
blocking buffer (1x PBS, 3% BSA, and 0.05% Tween 20). The membranes were then
washed 3 times with blocking buffer for five minutes each.
For bacterial and fecal western blots, membranes were incubated for one
hour in a 1:5,000 dilution of Li-Cor ODYSSEY Goat anti-Rabbit IRDye 800CW
secondary antibody in blocking buffer. Membranes were then washed three times
with blocking buffer followed by three times in PBS (5 minutes each). Detection was
done through Li-Cor ODYSSEY detection at 800nm and 700nm (to detect SDS-PAGE
PageRuler Prestained Protein Ladder).
For serum western blots, membranes were incubated for one hour in a
1:5,000 dilution of Li-Cor ODYSSEY Goat anti-Mouse IRDye 800CW secondary
antibody in blocking buffer. Membranes were then washed three times with
blocking buffer followed by three times in PBS (5 minutes each). Detection was done
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through Li-Cor ODYSSEY detection at 800nm and 700nm (to detect SDS-PAGE
PageRuler Prestained Protein Ladder).

Quantitative real-time PCR (qPCR)
Fecal RNA was extracted from frozen fecal pellets in 1mL TriReagent
(Molecular Research Center) according to manufacturer’s recommendations. Briefly,
fecal samples were homogenized using a Mini-Beadbeater (Biospec products) for 20
seconds two times. Following RNA isolation, the samples were reverse-transcribed
using murine leukemia virus MuLV Reverse Transcriptase. 5ul of cDNA was
subjected to quantitative PCR (qPCR) amplification using SYBR Green (Applied
Biosciences) and primers listed in Appendix B. Fold change differences in
amplification were determined using the ΔCT approach with 16s rRNA as the control.
Samples were kept cold on ice throughout every step of this assay. qPCR program is
located in Appendix B.

ELISA
General Anti-Curli IgG ELISA: This ELISA was adapted from ELISA used to
measure autoantibodies (81) and then further adapted from the IgG ELISA protocol
obtained from Paul Gallo. On day one of ELISA, ELISA MAX uncoated Maxisorp plates
(From Biolegend, Lot B189434, Cat 423501) were coated with 95ul of GST-CsgAR15 at a concentration of 12ug/ml (3.97ul/ml stock solution) in Tris HCL pH 8.0. The
plate was then sealed and kept at 4°C overnight. On day two of ELISA, the plate was
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washed three times with BBS wash buffer (NaCl, H3BO3, Na.BOrate and H2O) and
then coated with 200ul per well of BBT blocking buffer (BBS+3%BSA+ 1%Tween
20) and blocked for 1 hour at room temperature with gentle rocking. A 1:200
dilution was then prepared in BBT blocking buffer (recipe in appendix C) for each
serum sample. The ELISA plate was washed five times with BBS and then 100ul of
BBT was added to every well except for the top well in each lane. Here, the top well
received 200ul of the diluted serum and then diluted down the plate in ten-fold
dilutions. The plate was sealed and kept at room temperature for two hours.
Following serum incubation, the plate was washed five times with BBS wash buffer
and 100ul of a 1:5000 dilution of biotinylated goat anti-mouse IgG (Jackson
ImmunoRes cat. No. 115-065-071) in BBT was added to each well, sealed, and
incubated at room temperature for 1 hour. The plate was then washed five times
with BBS and incubated with 100ul of a 1:8000 dilution of avidin-alkaline phosphate
conjugate (Sigma, Cat. No. A7294) in BBT to each well, sealed, and incubated at
room temperature for one hour. Finally, the plate was washed five times with BBS
and 100ul of 4-Nitrophenyl phosphate disodium salt hexahydrate (pNPP, Sigmaaldrich, 20mg tablets, catalog number N2765) dissolved in glycine buffer (recipe
obtained from Sigma-Aldrich pNPP preparation instructions) at a concentration of
1mg/ml was added to the plate and incubated at room temperature in the dark for
thirty minutes, one hour, 1.5 hours, and two hours where the optical densities were
read using ELISA plate reader at 650nm and 405nm. For data analysis, all 605nm
readings were subtracted from the 405nm readings.
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dsDNA ELISA: This ELISA was adapted from ELISA used to measure
autoantibodies (81). On day one of ELISA, A 96-well General Assay Plate (Corning
Costar, Cat. No. 07-200-33) was coated with 100ul/well of 0.01% poly-L-lysine in
PBS for one hour at room temperature. After incubation, the plate was washed three
times with distilled water, and dried. Once dry, the plate was stored at room
temperature for up to 1 week before use. On day two, the plate was coated with
100u of calf thymus DNA at a concentration of 2.5ug/mL in sterile BBS wash buffer
(NaCl, H3BO3, Na.Borate and H2O), sealed, and stored overnight at 4oC. On day three,
the plate was washed three times with 200ul BBS and 100ul of BBT (recipe in
appendix) was added to each well and blocked for 2 hours at room temperature
with gentle rocking. After the blocking step was complete, the plate was washed five
times with 200uL BBS and then 200uL of a 1:250 dilution of control serum (MRLLPR) in BBT was added to the first two wells. The remaining wells received 100ul
BBT, and then two-fold serial dilutions were performed, with the control serum
diluting to 1:512,000. The remaining wells received 100ul of diluted test serum at a
concentration of 1:250 in BBT. The plate was then sealed and kept at 4oC overnight.
On day four, following serum incubation, the plate was washed five times with BBS
wash buffer and 100ul of a 1:5000 dilution of biotinylated goat anti-mouse IgG
(Jackson ImmunoRes Cat. No. 115-065-071) in BBT was added to each well, sealed,
and incubated at room temperature for two hours with gentle rocking. The plate
was then washed five times with BBS and incubated with 100ul of a 1:8000 dilution
of avidin-alkaline phosphate conjugate (Sigma, Cat. No. A7294) in BBT to each well,
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sealed, and incubated at room temperature for two hours. Finally, the plate was
washed five times with BBS and 100ul of 4-Nitrophenyl phosphate disodium salt
hexahydrate (pNPP, Sigma-aldrich, 20mg tablets, catalog number N2765) dissolved
in glycine buffer (recipe obtained from Sigma-Aldrich pNPP preparation
instructions) at a concentration of 1mg/ml was added to the plate and incubated at
room temperature in the dark for thirty minutes, one hour, 1.5 hours, two hours, 3
hours, and 4 hours where the optical densities were read using ELISA plate reader
at 650nm and 405nm.

Animal Experiments
For initial experiments, seven-to eight week-old female C3H/HEJ mice were
obtained from the Jackson Laboratories. Mice were pretreated with ampicillin
(2mg/ml in their drinking water) three days before bacterial inoculation. Bacteria
were grown with shaking in LB broth containing ampicillin at 37°C overnight. For
infection, groups of 4 mice were inoculated via oral gavage with 2x106 CFU of S.
Typhimurium strains harboring either the pDW5, pDW6, pIR71525, or pIR71526
plasmids described above and designated as csgB GFP, csgD GFP, tet GFP, and
promoterless GFP. One mouse was infected with each strain. Fecal samples were
obtained between days 1 and 6 of infection and the mice were sacrificed between
days 3 and 6. At point of sacrifice, cecum, colon contents, mesenteric lymph nodes,
peyers patches, spleen, and liver were collected from each mouse, weight,
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homogenized, and washed in PBS and prepared for flow cytometry as described
above.
Mice used in the seroconversion long-term infection studies utilized sevenweek-old female CBA/J mice, purchased from the Jackson Laboratories. Once
brought to the animal facility, mice were given one week to acclimate to the facility
before experiments were performed. Therefore, at time of infection, mice were
roughly eight weeks old. Bacteria were grown with shaking in LB broth containing
nalidixic acid at 37°C overnight. For infection, groups of 5 mice were inoculated
orally with 2 x 108 CFU of S. Typhimurium IR715 (IR715) and S. Typhimurium
IR715 with an unmarked deletion of csgBA (IR715 csgBA). Mice were tail bled and
fecal samples were obtained once per week. Fecal samples were collected,
homogenized in 5mL PBS in 15mL conical tubes using a tabletop vortex, and 10-fold
serial dilutions were performed and plated on LB agar plates containing antibiotic
to detect bacterial burdens throughout the infection. Mice were sacrificed six weeks
after initial infection. To determine bacterial burdens systemically, the cecum, liver,
spleen, mesenteric lymph nodes, and fecal samples were collected from each mouse,
homogenized in PBS and 10-fold serial dilutions were plated on LB agar plates
containing antibiotic. At point of sacrifice, blood was obtained from each mouse by
cardiac puncture. Serum was then obtained and used for Western Blot analysis and
ELISA to detect seroconversion. All animal experiments from the long-term infection
were repeated three times.
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Statistical Analysis
For analysis of bacterial burdens, CFU/g were transformed logarithmically.
Data from multiple experiments were combined by calculating mean values and
standard error of the mean. Data was analyzed using Prism software (GraphPad).
Two-tailed student’s t-test was used and a p value <0.05 was deemed significant.
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CHAPTER 3
RESULTS
Characterization of Bacterial Strains
In laboratory conditions, curli expression is only evident at or below 30oC
(82), which lead researchers to think curli was not expressed in the host due to the
temperature specificity. However, more recent studies have shown evidence of curli
expression in vivo, including a mouse model where curli antibodies were identified
after infection with S. Tyhimurium (68). A human study was also performed, where
E. coli sepsis patient sera were studied and anti-curi antibodies were detected (69).
These two studies provided evidence for curli expression at 37oC. In order to further
investigate the biological location in which curli is expressed in vivo, we first used
plasmids constructed in the laboratory by a previous member. Two of the plasmids
carried promoter regions of csgB and csgD genes fused to a gfp gene and were
designated as PcsgB::gfp (pIR71525), and PcsgD::gfp (pIR71526), respectively.
Additionally, the plasmids were electroporated into S. Typhimurium IR715 and
strains were designated as csgB GFP and csgD GFP, respectively. S. Typhimurium
IR715 carrying the plasmid encoding Ptet::gfp (pDW5) expresses GFP constitutively,
which served as a positive control and was designated tet GFP. S. Typhimurium
IR715 carrying the plasmid encoding the Ppromoterless::gfp (pDW6) does not express
GFP, which served as a negative control and was designated promoterless GFP. csgB
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GFP was expected to express GFP when the csgB gene was expressed in the bacteria
and csgD GFP was expected to express GFP when the csgD promoter was expressed
in the bacteria. The strains carried an ampicillin resistance gene on their plasmids.
They were used because GFP expression would determine if curli was expressed in
the bacteria, providing an easy system to examine curli expression both in vitro and
in vivo. We also used two S. Typhimurium strains, a wild-type IR715 strain (WT
STM IR715) designated as IR715 as well as its isogenic csgBA mutant (STM IR715
csgBA) designated as IR715 csgBA.
To characterize the strains, bacterial strains were grown under curliinducing conditions, i.e. growth on T-medium plates for 72 hours at 28oC, or normal
growth conditions in LB broth with shaking overnight at 37oC. Growth on T-medium
plates provide bacteria with a low osmolarity condition in which biofilm formation
is possible and curli is expressed. GFP expression was evident in the T-medium
grown csgB GFP, csgD GFP, and tet GFP strains but not in promoterless GFP as
expected. When grown under normal culture conditions (grown overnight in LB
broth with shaking at 37oC), the only strain that was GFP positive was the tet GFP
strain. This data suggested that curli was only produced in T-medium at low
temperature, and GFP reporter plasmids are a useful tool to monitor curli
expression in vitro (Fig. 2).
As a second approach to characterize the bacterial strains, the
aforementioned strains csgB GFP, csgD GFP, tet GFP, and promoterless GFP were
streaked out on a T-medium plate and GFP was visualized under ultraviolet (UV)
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light. When GFP is produced by bacteria, it can be visualized when the cells are
exposed to UV light. We determined that GFP was produced in all strains except the
promoterless GFP strain. However, the csgD GFP strain appears to have expressed
less GFP, which was also evident in the flow cytometry histograms (Fig. 3). Based on
the flow cytometry and T-medium plate data, it was determined that GFP expression
only occurs when the strains were grown on T-medium, not LB.
In order to characterize the wild-type and mutant S. Typhimurium strains,
western blot analysis was performed to determine curli expression in IR715 and
IR715 csgBA strains when grown on T-medium plates. In order to depolymerize
curli fibers into CsgB and CsgA monomers, polymerized curli needed to be treated
with formic acid. For western blot analysis, a small amount of S. Typhimurium
plated bacteria were obtained from an inoculating loop, washed in PBS and then resuspended in 90% formic acid and snap frozen. The formic acid was then removed
using a speed vac concentrator and the bacteria were re-suspended in SDS-PAGE
loading buffer and subsequently boiled for ten minutes. Following SDS-PAGE,
western blot analysis was performed for both IR715 and IR715 csgBA using antiCsgA antibodies. Results for the IR715 strain indicated the presence of CsgA at
17kDa. Conversely, the IR715 csgBA strain did not show any CsgA protein
expression, confirming the presence of curli in the IR715 strain and the absence of
curli in the IR715 csgBA strain (Fig. 4).
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A

(promoterless GFP)
(tet GFP)
(csgB GFP)
(csgD GFP)

(promoterless GFP)

B

(csgB GFP)
(tet GFP)
(csgD GFP)

Figure 2. Histograms show the expression of GFP in strains csgB GFP, csgD GFP, tet
GFP, and promoterless GFP by flow cytometry. Bacteria were either grown in an
overnight LB culture or on T-medium plates for 72hr and subsequently prepared for
flow cytometry. (A) Detection of GFP expression in T-medium grown strains tet GFP
(red), csgB GFP (green), csgD GFP (black), and promoterless GFP (Blue). (B)
Detection of GFP expression in LB broth culture in strains promoterless GFP (Blue),
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csgB GFP (Red), tet GFP (Green), and csgD GFP (Black). FIT-C channel was used to
detect GFP signal.

A
Ppromoterless::gfp
promoterless GFP

B
PcsgB::gfp
csgB GFP

C
Ptet::gfp
tet GFP

D
PcsgD::gfp
csgD GFP

Figure 3. S. Typhimurium strains grown on T-medium showing GFP expression. GFP
was visualized under UV light. (A) promoterless GFP. (B) csgB. (C) tet GFP. (D) csgD
GFP.
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csgAR1-5
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csgBA
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Figure 4. Western blot analysis of curli production. Membranes were incubated with
anti-CsgA antibody, specific to the CsgA major subunit of curli. Goat anti-rabbit
secondary antibody (Li-Cor) was used as a secondary antibody. Detection was done
with the Li-Cor ODYSSEY infrared imaging system. Lanes: 1 (ladder), 2 (GSTCsgAR1-5), 3 (IR715), 4 (IR715 csgBA). IR715 and IR715 csgBA were loaded on an
SDS gel and western blot analysis was performed. Protein detection was determined
for IR715 and IR715 csgBA strains by detection of CsgA at 17kDa (Band between
25kDa and 35kDa shown above the IR715 band was run-over from a sample of GSTCsgAR1-5 fusion protein (roughly 30kDa) that was loaded in between IR715 and the
ladder).
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Detection of Curli Expression in vivo
In order to determine curli expression in the host, we first used a mouse
model of S. Typhimurium infection. C3H/HEJ mice were used for the following
experiments because they are resistant to S. Typhimurium infection due to a
mutation in their TLR4, allowing them to survive for up to six days once infected (5).
A similar approach was used to monitor flagella expression in vivo using flow
cytometry with the gfp reporter plasmids that had the gfp gene located behind the
promoter for fliC and fljB. Results showed that flagella expression was demonstrated
using this approach in the intestine, and later, down-regulation of flagella was also
shown at systemic sites (27). In our study, ampicillin was administered in the
drinking water three days prior to infection to ensure the maintanance of the
plasmids since an amipicillin resistance gene is encoded by the plasmid. At day 0,
mice were inoculated with an overnight culture of strains csgB GFP, csgD GFP, tet
GFP, or promoterless GFP (1 mouse per group) via oral gavage at a concentration of
2x106 CFU of bacteria. Fecal samples were obtained between days 1 and 6 of
infection, and the mice were sacrificed at day 6. At time of sacrifice, cecum, liver,
spleen, mesenteric lymph nodes, colon contents, and peyer’s patches were removed
and prepared for flow cytometry and bacterial enumeration.
No curli expression was observed in the csgB GFP or csgD GFP (not shown)
strains, as well as the promoterless GFP strain in any of the cecum, liver, spleen (not
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shown), mesenteric lymph nodes, peyer’s patches (not shown), or colon content
samples. However, GFP expression was evident in all organs studied (spleen,
mesenteric lymph nodes, liver, peyer’s patches, cecum, and colon contents) in the
mouse infected with tet GFP, in which all bacteria were GFP positive. The gating
strategy was established using the tet GFP and promoterless GFP strains where all
bacteria are GFP positive, and no bacteria express GFP, respectively. This
experiment provides evidence that curli was not expressed at or by day 6 of
infection (Fig. 5).

37

Cecum

Colon
Contents

MLN

Liver
A

csgB GFP

B

tet GFP

C

promoterless GFP

Figure 5. Flow cytometry analysis of curli expression. Mice were sacrificed at 6 days
post-infection and cecum, colon contents, liver, and mesenteric lymph nodes were
removed and prepared for flow cytometry. GFP expression was determined by flow
cytometry using FITC-A and PerCyP5.5.A channels with the cells in the gated area
determined to be GFP positive. (A) csgB GFP infected mouse. (B) tet GFP infected
mouse. (C) promoterless GFP infected mouse. Data from spleen and peyer’s patches
are not shown. Data from csgD GFP infected mouse were not shown but showed the
same results as the csgB GFP infected mouse.
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Previous studies have reported that GFP requires oxygen in order to
fluoresce. In these studies, when the GFP protein was expressed in E. coli grown
anaerobically, GFP did not fluoresce. However, intensity of GFP gradually increased
when oxygen was re-administered (83). Therefore, as the intestine may be mostly
anaerobic, I hypothesized that the reason GFP was not detected in the liver, spleen,
mesenteric lymph nodes, peyer’s patches, cecum, or colon contents could be due to
the inability for GFP to properly fluoresce in an oxygen-diminished environment. To
test this theory, tet GFP was grown in both anaerobic and aerobic conditions. tet
GFP was grown in curli-inducing conditions, i.e. streaked out on two T-medium
plates and placed in the 37oC incubator overnight. One T-medium plate was placed
in an anaerobic chamber, whereas the other was placed in the incubator without a
chamber. The bacteria grown in the anaerobic chamber was expected to have
diminished fluorescence, and the bacteria grown in aerobic conditions would have
normal GFP fluorescence. After 48 hours of growth, plated bacteria were prepared
for flow cytometry (bacteria were removed from the plate, washed in PBS and resuspended in PBS plus 2.5% PFA). Results show that the GFP expression was
diminished when grown in an anaerobic state (Fig. 6). This data suggests that
detecting the GFP expression by flow cytometry was not suitable in the intestine or
other organs due to the limited oxygen environment, which dampened the GFP
fluorescence. Therefore, this model did not provide sufficient evidence to conclude
that curli was not expressed.
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(tet GFP)

Figure 6. Histogram of GFP expression using flow cytometry. The anaerobically
grown tet GFP strain is shown in red and the aerobically grown tet GFP strain is
shown in blue.
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Long Term Infection of Mice with S. Typhimurium Strains
Due to the insufficient evidence of curli expression provided by flow
cytometry, as well as the limited lifespan of the mice once infected, we utilized a
long-term infection model of S. Typhimurium, adapted from a similar study that
looked at different fimbrial antibodies in mice during a long-term S. Typhimurium
infection (68). Here, we infected CBA/J mice, which are positive for NRAMP and
genetically resistant to S. Typhimurium infection, for 6 to 7 weeks. Fecal samples
and sera were obtained at days -1, 0, 1, 3, and once per week until the conclusion of
the experiment (Fig. 7). At the end of the experiment, the mice were sacrificed and
organs, including cecum, liver, spleen, and mesenteric lymph nodes, as well as
serum were obtained for bacterial burden and seroconversion analysis,
respectively. 5 mice per group were infected with either IR715 or IR715 csgBA.
IR715 csgBA infected mice were used as a negative control in these experiments. 5
mice were also left uninfected as a control group.
Bacterial burdens were measured using fecal samples obtained throughout
the course of the experiment, as determined by bacterial plating. Fecal samples
were obtained, homogenized in PBS and underwent 10-fold serial dilutions and
plated on LB plates supplemented with nalidixic acid. Results showed no significant
difference in bacterial burdens at any time point between the two strains,
suggesting that the inability to produce curli did not prevent the bacteria from
successfully colonizing the intestinal tract of the mice. Bacterial burdens stayed
between 106 and 109 CFU/gram feces, with the burdens peaking at days 7 and 21
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(Fig. 8). Although a difference was seen, the values were not significant, (p=.08 on
both days 7 and 21). At the conclusion of the experiment, organs were removed,
homogenized, and plated to enumerate bacteria as well. Similar to the fecal data,
there was no difference in bacterial burdens at the conclusion of the experiment
between the strains in any organ studied (Fig. 9).

42

Figure 7. Outline of long-term infection model. CBA/J mice were used as they are
resistant to S. Typhimurium infection. Inoculation administered via oral gavage.
Fecal and serum samples were obtained 1 day prior to infection. Each week, fecal
and serum samples were obtained. At time of sacrifice, organs including cecum,
liver, spleen, and mesenteric lymph nodes were obtained.
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p=.0823

p=.0855

Figure 8. Fecal bacterial burdens shown in cfu/gram feces at days 1 through 42. The
red circles represent IR715 infected mice (n=13), and the blue squares represent
IR715 csgBA curli mutant infected mice (n=10). Graph represents data from 3
independent experiments.
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Figure 9. Combined organ bacterial burden data from weeks 6 and 7. Red bars
depict IR715 infected mice (n=9). Blue bars depict IR715 csgBA infected mice
(n=13). Statistical analysis completed using a two-tailed student’s T-test. Graphs
represent data from 3 independent experiments.
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Evidence for Seroconversion to CsgA in a Long-Term Infection mouse model
with S. Typhimurium
Various techniques were used to determine seroconversion to CsgA during
this study. The first was the use of an IgG ELISA adapted from a previously
established anti-CsgA IgG ELISA protocol (72). Serum from day 42 or 49 of the longterm infections was used to determine seroconversion to CsgA. Optical densities
were determined from the absorbance at 405 and 650nm. Results showed that the
mice infected with IR715 contained IgG antibodies to curli (CsgA), whereas the mice
infected with IR715 csgBA, did not. As the amount of serum is diluted, so are the
anti-CsgA IgG antibodies, further confirming that the curli is produced during
infection and antibodies against curli are being generated (Fig. 10).
Seroconversion was also confirmed using western blot analysis. SDS-PAGE
gels were loaded with a GST-CsgAR1-5 fusion protein (CT80) that had been resuspended in SDS loading buffer and boiled and western blot analysis was
performed. Sera from weeks 5, 6, or 7 were used as primary antibodies to detect
CsgA expression. Results showed that 9 out of 10 mice infected with IR715
developed antibodies to curli, whereas none of the mice infected with IR715 csgBA
developed anti-curli antibodies. Evidence of antibodies was determined by the
presence of GST-CsgAR1-5 fusion protein at approximately 33.4 kDa (Fig. 11). This
weight was based of the GST protein weighing approximately 22.4 kDa and the
CsgAR1-5 protein weighing approximately 11 kDa.
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FIgure 10. Curli specific IgG ELISA confirms seroconversion to CsgA. Analysis of O.D
calculated as average IR715 csgBA subtracted from each averaged IR715. This
number was then averaged to obtain final O.D. n=7. Graph represents average of
data from 3 independent experiments. Dotted line represents naïve mouse serum
O.D.
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Figure 11. Western blot analysis showing curli production using GST-CsgAR1-5
fusion protein. Mouse serum was used at a concentration of 1:200 as the primary
antibody. Li-Cor ODYSSEY 800CW goat anti-mouse secondary antibodies were used
at a concentration of 1:5,000. Image is representative of three independent
experiments from 3 time points (weeks 5, 6, and 7). Curli was expressed in 9 out 10
mice infected with IR715, which was displayed by the detection of the GST-CsgAR15 protein. No mice infected with IR715 csgBA (n=13) showed protein expression of
CsgA.
48

Curli Expression in the Gastrointestinal Tract in a Long-Term Infection Mouse
Model with S. Typhimurium
In order to study curli production in the gut, fecal samples were obtained
throughout the experiment and examined using both western blot analysis and
quantitative real-time PCR (qPCR). For western blot analysis, fecal pellets were used
from each mouse at various time points. In order to depolymerize curli fibers into
CsgB and CsgA monomers, a small fraction of one fecal pellet (roughly 1/8) was
washed in PBS and then re-suspended in 90% formic acid (dissolving the feces) and
snap frozen. The formic acid was then removed using a speed vac concentrator and
the samples were re-suspended in SDS-PAGE loading buffer and subsequently
boiled for ten minutes. IR715 and IR715 csgBA infected mouse fecal samples were
loaded on a 12% SDS-PAGE gel and electrophoresis was performed. Proteins were
transferred on membranes using semi-dry blotting. Anti-CsgA antibodies were used
as primary antibodies at a concentration of 1:600. Initial results from day 3 of our
first experiment showed evidence of CsgA expression by the presence of the CsgA
protein at 17 kDa (Fig. 12). However, after some troubleshooting issues, we were
unable to repeat this experiment with positive findings (Fig. 13).
Due to our inability to use western blot analysis to identify curli protein
expression, qPCR was used in order to detect csgB expression in these samples.
Briefly, samples were homogenized in TriReagent and RNA isolation was performed.
After RNA isolation, cDNA was amplified and qPCR was performed (Appendix B).
Fecal samples from days 1, 3, and 21 were used for csgB detection. Results did not
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show significant csgB levels when compared to our control mice infected with the
curli mutant IR715 csgBA strain (Fig. 14).
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Figure 12. Western blot analysis of CsgA protein production in fecal samples from
mice infected with S. Typhimurium at day 3 of infection. Blot 1 lanes: 1 (PageRuler
Pre-stained Protein Ladder), 2 (GST-CsgAR1-5), 3(IR715), 4 (IR715 csgBA), 5
(blank), 6-10 (mice 1-5 infected with IR715). Blot 2 lanes: 1 (ladder), 2 (CT80),
3(IR715), 4 (IR715 csgBA), 5 (blank), 6-10 (mice 1-5 infected with IR715 csgBA).
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Figure 13. Western blot analysis of CsgA protein production in fecal samples from
mice infected with S. Typhimurium at day 3 of infection. Blot 1 lanes: 1 (SDS protein
ladder), 2 (mouse 1 IR715), 3(blank), 4 (mouse 1 IR715 CSGBA), 5 (blank), 6 (mouse
2 IR715). 7 (blank), 8 (mouse 2 IR715 csgBA), 9 (blank), 10 (mouse 3 IR715). Blot 2
lanes: 1 (ladder), 2 (mouse 3 IR715 csgBA), 3(blank), 4 (mouse 4 IR715), 5 (blank),
6 (mouse 4 IR715 csgBA), 7 (blank), 8 (mouse 5 IR715), 9 (blank), 10 (mouse 5
IR715 csgBA).
52
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csgB
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CT1
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0
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Day of infection

Figure 14. Quantitative real-time PCR (qPCR) analysis determining csgB expression
in fecal samples from wild-type S. Typhimurium IR715, IR715 (red), or S.
Typhimurium IR715 csgBA mutant, IR715 csgBA (blue) infected mice. CBA/J mice
were inoculated via oral gavage with 2x108 CFU of S. Typhimurium for 6 to 7 weeks.
qPCR for curli (csgB) was performed on fecal pellets from days 1, 3, and 21 from the
first long-term experiment. Day 1 samples (IR715 n=1, IR715 csgBA n=5), day 3
samples (IR715 n=3, IR715 csgBA=4), and day 21 samples (IR715=4, IR715 csgBA
n=5).
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Autoantibody Production in Mice Infected with S. Typhimurium

Previous studies from our lab have shown that mice infected with curliproducing enteric bacteria develop autoantibodies as well as accelerated
autoimmunity when injected intraperitoneously (i.p) (72). Using serum obtained
from our long term infected CBA/J mice inoculated with S. Typhimurium IR715
(IR715) or a curli mutant IR715 csgBA (IR715 csgBA), an anti-double stranded DNA
(dsDNA) ELISA was performed. Serum from days 42 or 49 was used to determine
anti-dsDNA antibodies when compared to serum from lupus-prone mouse serum,
which was used as our control. Results showed that mice infected with curliproducing S. Typhimurium (IR715) developed anti-dsDNA antibodies, whereas the
mice infected with the curli mutant strain (IR715 csgBA) produced normal levels of
autoantibodies (Fig. 15).

54
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Figure 15. Detection of anti-dsDNA antibodies in mice infected with S. Typhimurium
using anti-dsDNA ELISA. Serum obtained from weeks 6 or 7 from mice infected with
either wild-type S. Typhimurium IR715 (black bar), or the IR715 csgBA mutant,
IR715 csgBA (grey bar). C57BL/6 mice were included as a negative control (white
bar). 1 is set as the maximum of the positive control of an MRL/LPR serum sample.
Graph is the average of three repeats of this experiment. (p=0.003, IR715 n=9, IR715
csgBA n=14, C57BL/6 n=7).
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CHAPTER 4
DISCUSSION
Previous studies involving host recognition of curli during enteric bacterial
infections have shown that curli is recognized by the TLR2/1 heterocomplex, and
this recognition leads to proinflammatory cytokine production and inflammation in
the gut (64-67). It is also known that many TLRs recognize other components of
enteric bacteria including flagella, DNA, and LPS. Two inflammasomes (NLRP3 and
NLRC4) recognize these bacteria by eliciting an immune response involving
caspase-1 and caspase-11 (25-30, 2). Evidence of curli antibody production in both
mice (68) and humans (69) has also been shown, as well as the ability to use GFP
expressing bacteria in order to observe the expression of different bacterial
components (27). The major conclusions of this study include that (i) GFP reporter
plasmids that contained csgD or csgB promoter fusion to gfp gene were not a good
tool to determine curli expression in vivo, (ii) mice orally infected with wildtype S.
Typhimurium developed antibodies to curli as well as dsDNA autoantibodies
whereas the mice infected with csgBA mutant did not, and (iii) curli may be
expressed in the gut, although the feces gave inconsistent results.
Initial studies investigating curli expression in E. coli concluded that curli is
not expressed in vivo, as it is only expressed at lower temperatures below 30oC (82).
In fact, in the laboratory, curli is expressed under stress conditions including
nutrient limitation, oxygen tension, and low temperature. As the human body
temperature is around 37oC, it was originally assumed that curli could not be
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this
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enterohemorrhagic E. coli uses curli for fitness in the environment and another
fimbriae, lpf, for in vivo fitness (84). On the contrary to these findings, studies have
provided indirect evidence of curli expression in vivo, by showing that mice and
humans develop antibodies against the CsgA major subunit of curli after infection
with S. Typhimurium or E. coli, respectively (69, 68). In the latter study, patients
that were going through E. coli sepsis were screened for antibodies against curli, and
it was established that while septic patients had antibodies against CsgA, healthy
individuals did not (69). Recent studies published from our lab indicated that curli
accelerates autoimmunity. When lupus-prone mice were inoculated with curliproducing bacteria (wild-type S. Typhimurium or E. coli Nissle 1917) via
intraperitoneal injection (i.p.), mice developed autoantibodies as well as an
accelerated onset of the disease when compared to control mice that received the
isogenic curli mutant strains (72). In our long-term infection, we orally infected our
mice, which is the natural route of S. Typhimurium infection. Mice infected in this
way with wild-type S. Typhimurium (IR715) also developed autoantibodies when
compared to mice infected with the curli mutant IR715 csgBA strain (Fig. 15).
In another study, curli mutant S. Typhimurium elicited decreased expression
of interleukin (IL)-22 and IL-17A in the cecal mucosa compared to the S.
Typhimurium wild-type. However, the bacterial numbers of the mutant and wildtype bacteria in the cecal content of mice were similar (66). Furthermore, infection
of mice with a curli-producing S. Typhimurium strain lead to the augmentation of
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epithelial cell barrier function of the gut, and a decreased amount of dissemination
of the bacteria to systemic sites when compared to a curli mutant infection (85).
Overall, these data provide evidence that curli is expressed in vivo and serve as a
powerful PAMP for the immune recognition of enteric bacteria. Thus, I wanted to
further study curli expression in vivo, with the goal to elucidate the biological
location in which curli is expressed. I hypothesized that curli fibers were expressed
in the gut, as our lab has previously shown that curli triggered cytokine activation
and reinforced barrier function in the gut (85).
In order to test my hypothesis, I first investigated curli expression in a mouse
model using C3H/HEJ mice that were infected with S. Typhimurium IR715 strains
that contained GFP reporter plasmids that carry the gfp gene fused to the promoter
of csgB and csgD. This model was adapted from a previous study, which investigated
flagella expression in vivo using plasmids that contained gfp promoter fusions (27).
Six days after inoculation via oral gavage, mice were sacrificed and the cecum as
well as systemic sites (spleen, liver, peyer’s patches, and mesenteric lymph nodes)
were studied via flow cytometry in order to detect GFP expression. Results from this
experiment were inconclusive, as GFP positive bacteria was not detected in the
organs of csgB GFP and csgD GFP infected mice. In mice that were infected with TET
GFP, a positive control constitutively expressing GFP, GFP positivity was observed in
the cecum, spleen, liver, peyer’s patches, and mesenteric lymph nodes (Fig. 5).
Although GFP expression was not detected in mice infected with csgB GFP and csgD
GFP, the GFP expression system works in vitro, as we were able to detect GFP
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expression in bacteria grown under curli inducing conditions (growth on T-medium
for 72 hours at 28oC), but not in non-curli inducing conditions (growth in LB broth
overnight with shaking at 37oC) (Fig. 2). GFP expression was also confirmed in these
bacteria using UV visualization of the strains grown on T-medium plates (Fig. 3).
Since the bacterial strains were not the reason for the negative results from this
study, other possibilities were investigated, including GFP fluorescence during
anaerobic conditions. A previous study provided evidence that GFP fluorescence is
diminished when not in the presence of oxygen, as the formation of the final
fluorophore of GFP requires molecular oxygen in order to fluoresce (83). After
growing our positive control bacteria (tet GFP) in an anaerobic chamber, as well as
under normal growth conditions and performing flow cytometry, it was concluded
that growth under anaerobic conditions severely diminished the GFP fluorescence
(Fig. 6). Therefore, the negative results from this study were deemed inconclusive,
as the anaerobic environment of the gut possibly diminished GFP fluorescence to
levels that were undetectable. Although the tet GFP expressed GFP, the fluorescence
was not very good, which could be because of the anaerobic condition in the gut.
However, there was some GFP expression, which could be due to the particular
plasmid that encodes for the constitutively expressed GFP, which may have a better
fluorescence intensity than the other plasmid. There is also a potential that a very
small sub-population of bacteria produce curli, and did not elicit a strong GFP
fluorescence. Alternatively, there could have been an issue with improper
cyclization of the Ser-Tyr-Gly sequence that forms the chromofore of GFP,
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preventing fluorescence activity in the bacteria. The GFP is most likely intact and
present, but the fluorescence is not produced. Additionally, the use of flow
cytometry may not be able to determine curli expression due to the lack of
sensitivity of the assay. When performing flow cytometry, a small portion of each
sample is taken up, analyzed, and graphed. In this study, roughly one million cells
were analyzed per sample. In this fashion, flow cytometry analysis may be unable to
detect a potentially small population of GFP positive cells. Therefore, we concluded
that this model was not suitable to detect curli expression in oxygen-limited
conditions including the gut.
As a new approach, our next study utilized CBA/J mice, which are Nramp
positive and genetically resistant to S. Typhimurium infection, allowing for these
infected mice to survive for over 7 weeks. Adapted from a recent study which
identified fimbrial antigens in S. Typhimurium infected mice (68), our study utilized
either wild-type IR715 (IR715) or IR715 csgBA mutant (IR715 csgBA) bacteria in
order to determine curli expression. These two strains were characterized before
use in this study, confirming that IR715 expressed curli when grown on T-medium,
and IR715 CSGBA did not express curli under the same growth condition (Fig. 4). It
was also shown that IR715 and IR715 csgBA invade colonic epithelial cells similarly,
and there were no other differences genetically between the strains, confirming that
comparison of these two strains was a good model to study curli in the intestine
during infection (66, 85). Thus, using IR715 and IR715 csgBA is suitable to
investigate curli expression, as the two strains behave similarly, apart from curli
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expression. For this study, mice were inoculated through oral gavage with either
IR715 or IR715 csgBA, with blood and fecal samples collected each week until the
conclusion of the experiment, between weeks 6 and 7. At the time of sacrifice,
organs were removed including liver, mesenteric lymph nodes, spleen, and cecum.
There were no significant differences in bacterial numbers in the liver, mesenteric
lymph nodes, spleen, or cecum of mice infected with either IR715 or IR715 csgBA
(Fig. 9), consistent with previous findings from our lab. The experiment performed
by a previous Tukel lab member involved streptomycin pre-treatment in order to
elicit cecal inflammation. Although this was a different model than what we used, we
also did not see a difference in colonization (66). Fecal samples were also studied
for bacterial burdens, which also showed no significant differences in bacterial
numbers, with a slight increase in CFU/g at days 7 and 21 in the wild-type IR715,
although not significant (Fig. 8). This data shows that curli expression by the
bacteria is not necessary for proper colonization and survival in the mice. In order
to determine curli expression in this model, I utilized serum sampled from mice at
weeks 6 or 7 in order to detect seroconversion to curli. First, I measured antibodies
to curli by using an anti-CsgA IgG ELISA coated with a GST-CsgAR1-5 fusion protein
(69, 72, 64). In the presence of anti-CsgA in the serum, binding to GST-CsgAR1-5
would confirm seroconversion (Fig. 10). Results showed that the mice developed
antibodies to curli. To confirm these results, western blot analysis was performed
using a GST-CsgAR1-5 fusion protein, which was detected by using the mouse serum
obtained at weeks 6 or 7 as the primary antibody. Results confirmed seroconversion
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to curli (CsgA) in the mice given IR715 (Fig. 11). However, it is important to note
that the antibody levels in these experiments were fairly low, which could be due to
a number of reasons. First, the immune response in the gut might not be as robust as
in other areas such as the spleen or mesenteric lymph nodes. Second, as curli, like
other amyloids, are resistant to protease degradation, there could be an issue with
recognizing curli fibers when they are not in their monomeric form. Third, the sheer
number of bacteria producing curli could be the issue, leading to a less robust
immune response and therefore lower antibody production.
As an additional experiment, serum from these mice were used to detect
autoantibodies by ELISA. We chose to identify autoantibodies in these mice as a
previous study from our lab showed that mice given curli-inducing enteric bacteria
developed anti-double stranded DNA (dsDNA) antibodies as well as an accelerated
lupus onset (72). Results showed that anti-dsDNA was detected in mice given IR715
when compared to mice given IR715 csgBA, a non-curli producing bacteria (Fig. 15).
Although we were successful in showing seroconversion to CsgA, we were
unable to determine CsgA protein expression in this model. Throughout this
experiment, fecal samples were obtained and prepared for western blot analysis
and qPCR. Fecal samples were used because our hypothesis still remained that curli
expression occurred in the gut. Results showed no protein expression, which may be
for a number of reasons (Fig. 12, 13, and 14). First, the amount of fecal samples used
in western blots was very minimal (about 1/8 of one fecal pellet), which would
potentially explain why we were unable to detect protein expression. Second, the
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time points in which we took fecal samples might have missed the window in which
expression occurs. Lastly, curli may not be expressed in the feces, but it may be
expressed closer to the tissue e.g. in the mucus layer or in a specific niche such as
the crypts of the intestine, which has been shown in another bacteria, Bacteroides
fragilis. In this study, it was shown that B. fragilis uses ccf genes in order to colonize
the crypts (86). There is also a potential that curli expression occurs inside cells,
such as macrophages.
Overall, the long-term infection model was sufficient to provide evidence of
curli expression in vivo as we were able to show that mice infected with a curliproducing S. Typhimurium strain developed anti-CsgA antibodies with two different
serum studies, western blot and ELISA. However, we were unable to identify the
exact location in which curli was expressed, as fecal western blots and qPCR were
unable to provide conclusive evidence of curli expression in the gut.
As a result of this study, we learned that the location of curli expression may
be somewhere other than the lumen (in which fecal samples were used for our
investigation) of the gut, or may be somewhere other than the gut. Future studies
are still needed to further elucidate the location and timing of curli expression.
Potential future in vivo studies would include investigating curli expression in CBA/J
mice when given antibiotic pre-treatment, which would be important in order to
determine if inflammation plays a role in curli expression in this type of model.
Another study would involve doing the same long-term infection, but with obtaining
a sample of intraperitoneal cells, which could help to determine if curli expression
63

occurs in macrophages or other cells. Using qPCR, curli expression could be studied
in many locations of the gastrointestinal tract, including various locations in the
colon as well as different locations in the cecum. In vitro studies would include
infecting macrophages or epithelial cells with S. Typhimurium and determining curli
expression via qPCR and confocal microscopy. We want to look at macrophages and
epithelial cells as curli might be expressed in the gut closer to the epithelial layer or
inside cells. During oxidative stress, bacteria may produce curli in order to try to
protect themselves inside cells.
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APPENDIX A
MEDIA AND SOLUTIONS
Ammonium Persulfate (10% APS)
Acrylamide
Bisacrylamide
Sterile dH2O
Store at 4oC in the dark

30g
0.8g
100mL

Ampicillin Stock
Ampicillin
dH2O
Filter sterilize with 0.22um filter.
Store at 4oC

200mg
1mL

Blocking buffer
PBS
Non-fat dried milk
TWEEN-20

500mL
25g
250uL

Glycine Buffer (0.1M, pH 10.4)
Glycine
MgCl2
ZnCl2
dH2O
Adjust pH to 10.4 with 19M NaOH
Bring volume to 1L with water

7.51g
203mg
136mg
980mL

Luria-Bertani Agar
Tryptone
Yeast Extract
Sodium Chloride
Agar
dH2O
Autoclave and pour around 50oC

10g
5g
10g
15g
1L
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For plates with antibiotics, add before pouring:
Ampicillin Stock
Nalidixic Acid Stock
Luria-Bertani Broth
Tryptone
Yeast Extract
Sodium Chloride
dH2O
Autoclave and store and room temperature
Nalidixic Acid Stock
Nalidixic Acid
1M NaOH
Filter sterilize with 0.22um filter.
Store at 4oC

1mL
1mL

10g
5g
10g
1mL

50mg
1mL

PAGE Gel (12%) Loading Gel
40% Acrylamide
4x Tris-Cl/SDS pH 6.8
Sterile dH2O
Ammonium persulfate (10% APS)
TEMED
PAGE Gel (12%) Stacking Gel
40% Acrylamide
4x Tris-Cl/SDS pH 8.8
Sterile dH2O
Ammonium persulfate (10% APS)
TEMED
Phosphate Buffered Saline (1x PBS)
NaCl
KCl
Na2HPO4
KH2PO4
dH2O

650uL
1.25mL
3.05mL
25uL
5uL

6mL
3.75mL
5.25mL
50uL
10uL

8.183g
.201g
1.42g
0.25g
1L
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Adjust pH to 7.4
Autoclave and store at room temperature
Sodium Azide Solution (0.1% w/v)
Sodium azide
1x PBS
Filter sterilize and store at room temperature
SDS-PAGE Loading Buffer
Tris-Cl/SDS pH 6.8 (0.5M)
SDS
Glycerol
Bromophenol Blue
dH2O
2-mercaptoethanol
Store at -20oC

0.05g
50uL

6.25mL
1g
10mL
50mg
6.25mL
2.5mL

Transfer Buffer (1x)
dH2O
Methanol
5x Tris-Glycine Buffer
Store at room temperature
Tris-Glycine Buffer (5x)
Tris base
Glycine
SDS
dH2O
Store at room temperature

90.6g
376g
20g
to 4L

Tryptone Agar (T medium)
Tryptone
Agar
dH2O
Autoclave and pour around 50oC
Store plates at 4oC

10g
15g
1L
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APPENDIX B
Primers Used for Quantitative Polymerase Chain Reaction (qPCR) on Mouse Fecal
Pellets
Gene Name

Primer Pair Sequence

CsgB Mouse

Fwd: 5’-TCA AGT CGG CAC GGA TAA TA-3’
Rev: 5’-TCC TTC CTG GCG TAC TCT GGC A-3’

16SRN-qRT1

Fwd: 5’-CAG AAG AAG CAC CGG CTA ACT C-3’
Rev: 5’-GCG CTT TAC GCC CAG TAA TT-3’

S. Typhimurium FliC

Fwd: 5’-GTA ACG CTA ACG ACG GTA TC-3’
Rev:5’-ATT TCA GCC TGG ATG GAG TC-3’

S. Typhimurium FljB

Fwd: 5’-CTA CGC GCT TCA GAC AGA TT-3’
Rev: 5’-GAT CTG GGT GCG GTA CAA A-3’

qPCR Program:
Step 1: 95oC- 10 minutes
Step 2: 95oC- 15 seconds
Step 3: 60oC- 1 minute- Repeat steps 2 and 3 40 times
Step 4: 95oC- 15 seconds
Step 5: 60oC- 1 minute
Step 6: 95oC- 15 seconds
Step 7: End
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APPENDIX C
ELISA PROTOCOLS
General Anti-Curli IgG ELISA
Purpose: to measure antibodies to curli in mouse or human serum
Background: adapted from ELISA used to measure antibodies
Cohen P, Maldonado M. Animal models for SLE. Current protocols in
immunology/edited by John E. Coligan…[et al.]. 2003; Chapter 15
Materials:
BBS wash buffer (4x)- 17.5g NaCl + 2.5g H3BO3 + 38.1g Na.Borate.10H20
-in 1L ddH20. pH 8.4
BBT (Blocking Buffer)- BBS + 3% BSA + 1% TWEEN-20
-1.5g BSA and 500uL TWEEN-20 in 50ml 1x BBS
Biotinylated goat anti-mouse IgG Fc (Jackson ImmunoRes cat. No. 115065-071)
Avidin-alkaline phosphatase conjugate (sigma, Cat. No. A7294)
Alkaline phosphatase pNPP liquid substrate (Sigma-aldrich, 20mg tablets,
catalog number N2765)
Flat-bottom 96 well PVC plate (Biolegend ELISA MAX Uncoated Plates, Cat.
No. 423501)
Day-1
1. Dilute curli (GST-CsgAR1-5 fusion protein) in Tris-HCl pH 8.0 (3.97ul/mL)
95ul per well
2. Coat each well with 95ul of above curli solution. Seal the plate with parafilm
and keep at 4C overnight
Day-2
1. Wash plate three time with BBS
2. Add 200ul of BBT per well and block for 1 hour at room temperature with
gentle rocking
3. Wash plate five time with BBS
4. Add 200ul of a 1:200 dilution of each serum sample in BBT to top well and
dilute down to the bottom well. Seal and keep at room temperature for 2
hours
5. Wash plate five times with BBS
6. Add 100ul of a 1:5,000 dilution of biotinylated goat anti-mouse IgG in BBT to
each well and incubate at room temperature for 1 hour
7. Wash plate five times with BBS
8. Add 100ul of 1:8,000 dilution of avidin-alkaline phosphatase conjugate in
BBT to each well and incubate at room temperature for 1 hour
9. Wash plate five times with BBS
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10. Add 100ul of pnPP solution (20mg tablet in 20ml glycine buffer) to each well
and incubate at room temperature in the dark and read at 30 minutes, 1
hour, 1.5 hours, 2 hours, and overnight at 405 and 650nm
dsDNA ELISA
Materials:
Poly-L-Lysine (Sigma cat# P8920-100mL)- 0.01% in PBS (1:10 dilution)
BBS wash buffer (4x)- 17.5g NaCl + 2.5g H3BO3+ 38.1g Na.
Borate.10H2O
BBT (blocking buffer)- BBS + 3% BSA + 1% TWEEN-20
1.5g BSA and 500ul TWEEEN-20 in 50mL BBS
Biotinylated goat anti-mouse IgG (Jackson ImmunoRes cat. No. 115-065071)
Avidin-alkaline phosphatase conjugate (Sigma, cat. No. A7294)
Alkaline phosphatase pNPP liquid substrate ((Sigma-aldrich, 20mg
tablets, catalog number N2765)
Flat bottom 96 well PVC Plate (Corning Costar, Cat. No. 07-200-33)
Day-1
1. Pretreat plates with 100ul/well of 0.01% poly-L-lysine for 1hr at room
temperature. Wash three times with distilled water and dry. Store for up to 1
week at RT
2. Dilute dsDNA (calf Thymus DNA)- 2.5ug/mL BBS (stock 10mg/mL)
3. Coat each well with 100uL of above dsDNA solution. Seal plate with parafilm
and keep at 4C overnight
Day-2
1. Wash plate 3X with 200uL BBS
2. Add 100uL BBT to each well and block for 2hrs at RT by gentle rocking
3. During this time, make a 1:250 dilution of MRL/LPR control serum and test
samples in BBT in eppendorf tubes
4. Wash plate 5X with 200ul BBS
5. Add 200ul of 1:250 diluted control to first two wells and to the rest of the
wells beneath the first two, add 100uL of BBT. Now perform two-fold serial
dilutions up to 1:512,000 on the plate itself
6. Add 100uL of diluted test serum to the respective wells. Seal plate with
parafilm and keep it at 4C overnight
Day-3
1. Wash plate 5X with 200uL BBS
2. Add 100ul of 1:5,000 dilution of biotinylated goat anti-mouse IgG in BBT to
each well. Incubate for 2hrs at RT by gentle rocking
3. Wash plate 5X with 200uL BBS
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4. Add 100ul of 1:8,000 dilution of avidin-alkaline phosphatase conjugate in
BBT to each well. Incubate for 2hrs at RT
5. Wash plate 5X with 200uL BBS
6. Cut plate so that wells can fit into a hard plastic 96-well plate
7. Add 100uL of pNPP alkaline phosphatase substrate solution to each well.
Incubate ate 37C and read optical densities at time points 1hr, 2hr, 3hr, 4hr,
and overnight at 650 and 405nm using Plate Reader.
APPENDIX D
STRAIN TABLE

Strain name
IR715
IR715 csgBA

Freezer stock #
(Nicole or Cagla)
CT1 or NM44
CT16 or NM45

csgB GFP

NM15

csgD GFP

NM16

tet GFP

NM17

promoterless GFP

NM18
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Explanation of Strain
Wildtype (natural Nal resistant 14028)
Unmarked agfBA deletion created by
using plasmid pSF24 in IR715
background
pCT125 (csgB promoter::gfp in pDW6
tet less) in IR715 background, amp
resistant
pCT126 (csgD promoter::gfp in pDW6
tet less) in IR715 background, amp
resistant
ptetA::gfp in pBR322 (pDW5) in IR715
background, amp resistant
Pneg::gfp (promoterless gfp in pBR322
(pDW6)) in IR715 background, amp
resistant

