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ABSTRACT 

 
JARRED SHALOM SHIMON FIEDLER 

Flagellar chaperones and control of Campylobacter jejuni motility 

(Under the direction of  Stuart A. Thompson, PhD) 

 
Campylobacter jejuni is a leading cause of bacterial gastroenteritis, with an annual 

incidence of 140 million cases globally and 1.3 million cases in the United States. 

Approximately 1/1000 of C. jejuni infections lead to the onset of Guillain-Barré Syndrome, 

the world’s leading cause of acute paralysis. While the pathogenic mechanisms of C. 

jejuni are incompletely understood, it is known that flagellar motility is a primary virulence 

factor. Flagella are involved in host cell adherence and invasion, biofilm formation, and 

chick colonization. Flagellar assembly is dependent on the coordinated regulation of 

flagellar subunit synthesis via transcriptional and post-transcriptional regulators, as well as 

flagellar chaperones which maintain flagellar subunits in an unfolded state. In C. jejuni, 

the post-transcriptional regulator CsrA regulates flagellar biogenesis in C. jejuni by binding 

to the mRNA for flaA, repressing FlaA synthesis. CsrA regulatory activity on flagellar and 

non-flagellar targets is predicted to be modulated by protein-protein interactions with the 

flagellar chaperone FliW. Both FliW and a second flagellar chaperone FliS are predicted 

to participate in flagellar assembly by binding to FlaA. Therefore, we investigated the roles 



 
 

of FliW and FliS in CsrA regulation and flagellar biogenesis by constructing and 

characterizing a fliS mutant of C. jejuni strain 81-176, and by testing for the presence of 

protein-protein interaction(s) among CsrA, flagellin, and flagellar chaperones. We created 

an in-frame deletion mutant of fliS, and determined that the deletion of fliS resulted in a 

loss of motility and reduced the capacity of C. jejuni to autoagglutinate and form biofilm. 

We also used a bacterial two-hybrid system to study possible binding among the flagellar-

related proteins FlaA, FliS, FliW, and CsrA. Additionally, we performed deletion analysis 

of fliW in pT25, with the goal of identifying the region of FliW that mediates binding to 

CsrA. CsrA bound to full-length FliW, but no other protein-protein interactions were 

evident using the two-hybrid system. Surprisingly, CsrA did not interact with fragments of 

FliW, suggesting that the CsrA-binding site of FliW may be complex. These results show 

that flagellar biogenesis is accomplished by interactions of flagellar chaperones that link 

motility with the regulation of Campylobacter pathogenesis-related properties. 
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I.   INTRODUCTION 

A.   Statement of the Problem  

Campylobacter jejuni is a global leading cause of bacterial gastroenteritis, second only 

to Salmonella typhi. Of the annual 1.7 billion cases of gastroenteritis, 8.4% is caused by C. 

jejuni (140 million cases annually)1. Further, the incidence of C. jejuni infections world-

wide is steadily increasing2.  Children <5 years of age bear the brunt of the disease and 

therefore suffer the majority of deaths caused by C. jejuni infections, with more than 30,000 

deaths each year. Further, approximately 1/1000 infections caused by C. jejuni leads to the 

onset of Guillain-Barré Syndrome (GBS), the global leading cause of acute paralysis with 

a mortality rate of 3.9%3. C. jejuni infection can result in GBS via host ganglioside mimicry 

by bacterial lipooligosaccharide (LOS), C. jejuni is able to synthesize sialic acid-containing 

moieties on its LOS that are identical to host gangliosides, which can result in an 

autoimmune response to host nerve gangliosides4. Infection typically results from the 

consumption of undercooked poultry and contaminated aqueous environmental 

sources1,2,5,6. 

Although the majority of mechanisms regarding the pathogenesis of C. jejuni remain 

to be fully elucidated, there is consensus that motility of C. jejuni via flagella is an essential 

virulence factor7. Flagella are required for motility, chemotaxis (movement toward or away 

favorable or unfavorable chemicals, respectively), cell invasion, formation of biofilm, 

oxidative stress resistance, and animal colonization (in both chickens and in mice)7-12, ,13. 

Flagella in C. jejuni are assembled in a similar fashion to Helicobacter pylori where the 
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transcriptional sigma factors σ28 and σ54 regulate the various genes that encode for the 

components of the flagellar assembly complex. The sequential activity of σ54 and σ28 result 

in the coordinated expression of flagellar proteins such that flagellar structures are built 

from the inside of the cell outward, with later structures synthesized only after the earlier 

ones are completed14. As shown in Figure 1, the flagellar cascade is initiated by the FlgRS 

two-component regulatory system, which along with σ54 signals the production of the next 

components of the flagella: The C ring, MS ring, rod, P ring, L ring, the flagellar hook, and 

minor flagellin FlaB14. Other important genes whose expression is stimulated by σ54 

include fliA (σ28) and flgM. FlgM is an anti-σ28 factor that binds to σ28, inhibiting its 

regulatory ability. Once the flagellar hook is completed, FlgM is secreted from the cell and 

σ28 exerts its regulatory activity. This allows for the rest of the flagella components to be 
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synthesized and assembled, including the major flagellin (FlaA)14. 

 

Figure 1. General Flagellar expression model in C. jejuni.  
 
The flagellar cascade is initiated by class 1 genes, FlgS and FlgR that are a part of the FlgRS two-
component regulatory system, which along with σ54 signals the production of the next components of the 
flagella: The C ring, MS ring, rod, P ring, L ring, the flagellar hook, and minor flagellin FlaB, which are a 
part of the class 2 genes. Other important genes whose expression is stimulated by σ54 include fliA (σ28) and 
flgM. FlgM is an anti-σ28 factor that binds to σ28, inhibiting its regulatory ability. Once the flagellar hook is 
completed, FlgM is secreted from the cell and σ28 exerts its regulatory activity. This allows for the rest of 
the flagella components to be synthesized and assembled, including the major flagellin FlaA. 

B.   Review of related literature 

C. jejuni relies on relatively few transcriptional regulators and post-transcriptional 

regulators. One such post-transcriptional regulator is CsrA (Carbon storage regulator A), 

which is able to modulate translation by binding to the ribosomal binding site (RBS) of its 

target mRNAs, primarily at stem-loops containing an ANGGA motif15,16. Additionally, 
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when CsrA binds to its target mRNA region at the RBS it can affect the half-life of the 

target mRNA, which can either have a positive or negative effect on protein translation. In 

E. coli, CsrA represses gluconeogenesis, glycogen biosynthesis and catabolism, and 

biofilm formation. On the other hand, CsrA upregulates glycolysis, acetate metabolism, 

and flagellum biosynthesis17. The same group17 demonstrated that in E. coli, CsrA inhibits 

the carbon starvation protein cstA by binding to its mRNA. cstA has the matching Shine-

Dalgarno sequence to which CsrA binds to in E. coli. This shows that CsrA has alternative 

sequences that it binds to in C. jejuni18. Further, in E. coli, small untranslated RNAs 

(sRNAs) regulate CsrA activity. The sRNAs that regulate CsrA are csrB/C, whose 

expression is regulated by acetate levels via the two-component regulator BarA/UvrY. 

Competitive binding of CsrA to csrB/C inhibits its downstream regulatory functions such 

as flagella assembly or biofilm formation18. 

In C. jejuni, our lab previously showed that CsrA modulates the expression of ~120 

proteins that are related to central metabolism, motility, biofilm production, and mouse 

colonization11,18,19. CsrA plays an important role in flagellar regulation by binding to the 

5’ untranslated (UTR) region of flaA mRNA, the gene encoding for flagellar filament20. In 

contrast to the regulation of CsrA activity by sRNAs that occurs in E. coli, we have 

previously shown that C. jejuni CsrA activity is modulated by protein-protein interactions 

with the flagellar chaperone FliW21. Analysis of a C. jejuni fliW mutant showed altered 

expression of proteins of the csrA regulon, but with reciprocal patterns compared to the 

csrA mutant. This showed that C. jejuni FliW is a negative regulator of CsrA activity21. In 

Bacillus subtilis22, it was found that the 15 kDa flagellar co-chaperone FliS controls 

cytoplasmic flagellin levels by binding to flagellin23 and is suggested to indirectly regulate 
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CsrA activity. FliS in B. subtilis, H. pylori, and Aquifex aeolicus are helical in structure but 

have slight differences between species of bacteria. FliS may appear as a monomer, 

homodimer, or a complex with a co-chaperone24-26. However, whether FliS regulates 

flagellar synthesis and/or CsrA activity is not known in C. jejuni, prompting the current 

study. 

This thesis represents an extension of our interests in the various regulatory factors that 

are essential for flagellar assembly in C. jejuni and therefore the factors that regulate 

motility, biofilm formation, and the overall pathogenicity of C. jejuni. Our lab is currently 

investigating other mechanisms that play a role in regulating biofilm production and 

motility, with a focus on the mechanisms by which FliS may impact flagellar synthesis by 

interactions with FlaA, FliW, and CsrA as illustrated in Figure 2 below. Surprisingly, few 

studies have been done in this area27,28>21. 

 

 

Figure 2. Proposed FliW/FliS/CsrA regulatory model in C. jejuni. 

CsrA inhibits the translation of its target mRNAs (including FlaA) by binding to sites within the flaA 
mRNA untranslated regions. When FlaA associates with flagellar chaperone FliW, it maintains FlaA in an 
unfolded state in the cytoplasm. Upon secretion, FliW dissociates from FlaA and binds CsrA, inhibiting its 
regulatory functions. FliS is a second predicted chaperone that may also play a role in controlling 
cytoplasmic FlaA levels and thereby influencing CsrA regulation. 

???	  

???	  

???	   FliW-‐CsrA	  
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II.   MATERIALS AND METHODS 

1. Strain growth. C. jejuni WT strains 81-176 and DRH212 [a spontaneous streptomycin-

resistant (StrR) derivative of 81-176; StrR results from a point mutation in the rpsL gene 

which encodes the S12 ribosomal protein28], were used for all experiments, along with 

isogenic csrA and fliS mutants (this study). Experiments done to create mutants were done 

in DRH212. C. jejuni cells were routinely grown at 42oC in a tri-gas incubator (10% O2, 

10% CO2, 80% N2) using Mueller-Hinton (MH) agar or broth with streptomycin (30 

ug/mL). E. coli was routinely grown on LB agar or in LB broth in a normal atmospheric 

incubator at 37°C. When appropriate, antibiotics used for selection included 

chloramphenicol (30 ug/mL) and ampicillin (100 ug/mL) for E. coli. For C. jejuni natural 

transformation, MH blood agar plates were utilized. These plates were made by preparing 

MH agar, followed by the addition of defibrinated sheep’s blood to a final concentration 

of 5%. Additionally, overnight C. jejuni cultures were grown in bi-phasic MH medium. Bi-

phasic media were prepared in a flat T75 tissue culture flask by adding 20 mL of MH agar, 

which was then allowed to solidify. To these flasks were added 25 mL of MH broth. Non-

inoculated bi-phasic flasks can be stored in the tri-gas chamber for a few days until use. 

2. Construction of a C. jejuni fliS mutant. To construct a fliS mutant as illustrated in 

Figure 3, we used a streptomycin counterselection method28 to construct an unmarked 

deletion of the entire fliS gene in C. jejuni strain DRH212 without affecting adjacent genes.  
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Figure 3. The fliS locus of C. jejuni 81-176. 

The fliS gene is predicted to be co-transcribed with the upstream flaG and fliD genes. The light blue arrow 
indicates that the mutation done was an in-frame deletion of fliS. s54 and s28 indicate promoters for 
transcriptional factors that control downstream expression of components essential to flagellar assembly in 
C. jejuni. flaG, fliD, and fliS are expressed sequentially following the expression model previously 
discussed with FlaG being expressed first and FliS being expressed last in this locus. 

This was done via the following steps. First, the fliS gene and 500 bp of flanking DNA on 

each side (for later recombination with the C. jejuni chromosome) was amplified from 81-

176 chromosomal DNA using PCR with primers JSF100 and JSF101 (Table 2), and cloned 

into pCRII-TOPO, creating the plasmid pJSF202 (see Table 1). An in-frame deletion of 

fliS was made in E. coli utilizing inverse PCR as shown in Figure 4.  

 

Figure 4. In-frame deletion of fliS via inverse PCR.  

Construction of a fliS deletion mutation via inverse PCR. Two divergent primers, JSF101 and 102 (see Table 
3) were designed with AgeI and NdeI restriction sites on the 5’ ends of the primers to amplify only the 
flanking parts of the DNA insert, which allowed us to generate the fliS deletion(s) of interest. Also note that 
primer JSF101 also has a NdeI site upstream of the AgeI site to allow for circularization of the inverse PCR 
product. 
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Primers utilized were JSF101 and JSF102 to create this inverse PCR product (Table 2). 

The inverse PCR product was digested with NdeI and ligated to produce plasmid pJSF005. 

This plasmid was digested with AgeI and NdeI, and ligated with the PCR-amplified rpsL-

Cat (chloramphenicol resistance, CmR) cassette flanked by AgeI and NdeI sites. The rpsL-

Cat was amplified from pCRII-TOPO-rpsL-Cat (see Table 1). Afterwards, this fliS-rpsL-

Cat was introduced into DRH212 via electroporation. CmR colonies were selected in which 

the chromosomal fliS gene was replaced with the rpsL-Cat cassette. The rpsL-Cat cassette 

acts as a negative selection marker by inducing streptomycin sensitivity. When the mutant 

(StrR) and WT (StrS) rpsL are co-expressed in the same strain, the cells are sensitive to the 

antibiotic because half of the ribosomes remain targets for the drug. A (StrR)/(StrS) 

merodiploid occurs during an intermediate step in which the fliS-rpsL (StrS) allele is 

inserted into the DRH212 (StrR) background strain. This is followed by transformation of 

the intermediate (StrS) strain with the fliS in-frame deletion construct (pJSF005) from 

above.  By plating transformed cells on plates with streptomycin, it is possible to select 

cells in which the StrS allele in fliS is replaced by the constructed in-frame fliS deletion. 

First, DRH212 cells were made electrocompetent and the fliS-rpsL-Cat construct was 

electroporated into electrocompetent DRH212. The cells were then incubated on MH agar 

with 5% sheep blood at 42° C for 4 hours. Then the bacteria were transferred to a MH agar 

plate with chloramphenicol (30 ug/mL) and were placed into a tri-gas chamber for 48 

hours. Afterwards, the colonies were picked and electroporated again to replace the 

chromosomal fliS-rpsL-Cat locus with one that has the deleted fliS gene. The bacteria were 

then plated on MH agar with streptomycin (30 ug/mL) and left to incubate for 48 hours. 

Colonies were picked, grown overnight in 5 mL of MH broth with streptomycin (30 
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ug/mL), chromosomal DNA was amplified via PCR utilizing PCR primers JSF100 and 

JSF101 (see Table 2) to amplify the fliS region and these products were analyzed by 

agarose gel electrophoresis (Fig. 7). This PCR product of a putative fliS mutant was then 

used as a template for DNA sequencing to confirm proper in-frame deletion of fliS. 

Following successful isolation of a fliS mutant in DRH212, we attempted to complement 

the fliS mutation by inserting a WT copy of fliS into the mutant strain. This was initially 

attempted by utilizing the pRRK vector which conferred kanamycin resistance to re-

introduce the fliS gene into a non-essential region within the rRNA-encoding locus of 

DRH212. We attempted to do this by both electroporation and natural transformation. This 

was done by first growing fresh fliS mutant C. jejuni culture under previously described 

conditions in the tri-gas incubator. A patch of the bacteria was then made, followed by the 

addition of 100 uL of MH broth to scrape and pipette up the bacteria which were then 

transferred to a MH blood agar plate (without antibiotics) as an ~2 cm sized patch. The 

cells were incubated in the tri-gas incubator at 42°C for 3 hours, followed by the addition 

of 10 ug of plasmid DNA (pRRK-fliS) onto the plates and was incubated for another 4 

hours. The bacteria were then resuspended in 100 uL of MH broth and was transferred to 

a MH agar plate with streptomycin and kanamycin, a plate with only streptomycin, and a 

plate with only kanamycin (30 ug/mL concentrations were used for both antibiotics). The 

plates were then incubated for 2-4 days under microaerophilic conditions at 42°C.  
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Table 1: List of plasmids 

Name Description Antibiotic 
Resistance 

 
Source 

pCRII Topo Cloning vector Ampicillin, 
Kanamycin 

Invitrogen 

pJSF001 fliS region PCR product in PCRII TOPO Ampicillin This Study 

pJSF002 fliS region with 500bp flanks at both ends Ampicillin This Study 

pJSF003 fliS deletion with AgeI and NdeI sites Ampicillin This Study 

pJSF204 rpsL-Cat cassette with wild-type fliS construct Chloramphenicol This Study 

pJSF005 rpsL-Cat cassette inserted into fliS mutant 
plasmid  

Chloramphenicol This Study 

pCRII-TOPO-
rpsL-cat 

Encodes rpsL-Cat Kanamycin [29] 

pRRK Complementation vector Kanamycin Dr. Erin 
Gaynor 

pT18 Encodes T18 fragment of CyaA Ampicillin [30] 

pT25 Encodes T25 fragment of CyaA Chloramphenicol [30] 

pJSF101 pT18-FliS fusion protein Ampicillin This Study 

pJSF102 pT25-FliS fusion protein Chloramphenicol This Study 
pJSF103 pT25-FlaA fusion protein Chloramphenicol This Study 
pJSF104 pT18-FliW fusion protein Ampicillin This Study 
pJSF105 pT18-CsrA fusion protein Ampicillin This Study 
pJSF106 pT25-FliW fusion protein Chloramphenicol This Study 
pJSF107 pT25-FliW (a.a. 1-61) fusion protein   Chloramphenicol This Study 
pJSF108 pT25-FliW (a.a. 1-8, 62-128) fusion protein   Chloramphenicol This Study 
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Table 2: Primers used in the study 

Primer 1 Primer 2 Template Size Description 
JSF001 JSF002 81-176 1.387 kb Primers used amplify fliS and the 

500bp flanking regions on both 
ends of fliS. 

JSF101 JSF102 fliS + 500bp flanking 
region product from 
JSF100 and 101 

 ~1 kb Primer used for inverse PCR to 
create the 81-176 fliS mutant 

JSF103 JSF104 81-176 2.9 kb Primers used to amplify the flaG-
fliD-fliS orf in 81-176. 

JSF105 JSF106 flaG-fliD-fliS orf or 
81-176 

~387 bp Primers used to amplify the entire 
fliS region in 81-176. These 
primers were also used to screen 
for the fliS mutant. 

JSF202 JSF203 81-176 ~387 kb Primers used to amplify fliS for 
pT18 with XbaI sites. 

 JSF204 JSF205 81-176 ~387 kb Primers used to amplify fliS for 
pT25 with SalI and HindIII sites. 

JSF206 JSF207 pT25-fliW ~3.9 kb Primers used for inverse PCR to 
create the D9-61 fliW in pT25. 

JSF208 JSF209 pT25-fliW ~3.9 kb Primers used for inverse PCR to 
create the D62-129 fliW in pT25. 

JSF210 JSF211 81-176 1.7 kb Primers used to amplify the flaA 
insert for pT25 with SalI and 
HindIII sites. 

JSF212 JSF213 81-176 ~387 bp Primers used to amplify the fliS 
insert for pT25 with XhoI and 
KpnI 

JSF214 JSF215 81-176 ~390 bp Primers used to amplify the fliW 
insert for pT18 with XbaI and 
PstI sites. 

 

3. Phenotypic Assays. Assays were done to compare the motility of the WT and fliS mutant 

strains on 0.4% MH soft agar plates. This was done by growing overnight Mueller-Hinton 

(MH) bi-phasic cultures (18 hours) and standardizing the OD600 to 0.1. This was done by 

first making a ~2 cm sized patch of the WT and fliS mutant from a -80°C frozen stock onto 

a MH plate with streptomycin (30 ug/mL) and incubating the patches for 48 hours at 42°C 

in the tri-gas chamber. WT and fliS mutant strains were then prepared in overnight bi-

phasic cultures, in which both the agar and the broth had streptomycin (30 ug/mL). The bi-

phasic cultures were then incubated overnight (18 hours) in the tri-gas chamber. Following 
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incubation, 2 uL of the overnight cultures were injected into the center of a 0.4% soft MH 

agar plate. The distance of movement was then recorded following a 24-hour incubation 

period in the tri-gas chamber at 42°C. Further, the biofilm assays were performed in 24-

well plates over the course of 48 hours where two time points were recorded, one at 24 

hours and the second at 48 hours10 and significance was determined on Graphpad Prism 

using one way ANOVA. Specifically, WT and fliS mutant C. jejuni were first taken from 

the -80 stock and a 2 cm patch was made on a MH streptomycin plate (30 ug/mL). 

Afterwards, a bi-phasic culture was performed as previously described. Following this, two 

24-well plates were taken and labeled “24-hour” and “48-hour”. Afterwards, each well was 

filled with 1 mL of culture that had a starting OD600 of 0.1. The cultures were left to 

incubate without shaking for either 24 or 48 hours to allow biofilm formation. At the 

appropriate time points, each well was washed with water twice. After the second wash, 

1.5 mL of 1% crystal violet (20% ethanol) was added to each well. The samples were then 

left to incubate at room temperature for 20 minutes. After the incubation time, each well 

was washed with water three times. The wells were then air-dried for an hour and 1.5 mL 

of 80% dimethyl sulfoxide (DMSO) were added into each well. Then the samples were 

incubated overnight at room temperature. On the next day, all data were recorded using 

SpectroMax and analyzed using GraphPad Prism. Autoagglutination assay was performed 

as a time-course experiment. This assay measures the ability of C. jejuni to form aggregates 

with one another due to inter-cell interactions of O-linked glycosylated flagella, creating 

clumps that fall to the bottom of the tube and no longer contribute to the OD600 of the 

suspension. Autoagglutination therefore reflects the presence of properly glycosylated 

flagella. This was done by growing an overnight DRH212 culture for the WT and an 
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overnight culture for the fliS mutant, then diluting each culture to an OD600 of 1.0 and 

without shaking, recording the OD600 of the media above the agglutinated cells every hour 

for 10 hours. A final recording was done at the 24-hour time point. Graphpad prism was 

utilized to use two-way ANOVA and Sidacks multiple comparison test to show significant 

difference in the autoagglutination assay. 

4. Bacterial two-hybrid system to analyze protein-protein interaction(s). To test for 

protein-protein interactions, we constructed PCR products of every possible combination 

of FliS, FliW, FlaA, and CsrA to detect any protein-protein interactions as shown in Table 

1. A system that was used to test for this is the pT18/pT25 bacterial two-hybrid system, 

which takes advantage of adenylate cyclase activity as to measure the presence of protein-

protein interaction by analysis of blue/white colony screening or β-galactosidase activity31. 

More specifically, as shown in Figure 4 the T25 and T18 components refer to the N and C 

terminal regions respectively of the adenylate cyclase (CyaA) protein32.  CyaA normally 

utilizes ATP to produce cAMP in E. coli via calmodulin-independent activity. cAMP then 

interacts with the catabolite activator protein (CAP) to form a cAMP/CAP complex. This 

complex is then able to recognize and bind to specific promoters such as the lacZ promoter 

and transcribe the relevant gene32. In the bacterial two-hybrid system, the CyaA protein is 

fragmented into the pT25 (3.746 kbp) and pT18 plasmids (3.669 kbp). Separation of the 

T25 and T18 segments of CyaA results in a non-functional CyaA protein and therefore 

prevents production of cAMP. However, when two hypothetical proteins X and Y (as 

shown in Figure 4) are fused to T25 and T18 and are able to interact with one another, it 

restores the CyaA protein functionality and allows cAMP to be synthesized and create the 

cAMP/CAP complex32.  
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Figure 5. Bacterial two-hybrid system model.  

The bacterial two-hybrid system utilizes complementation of fragments from Bordetella pertussis adenylate 
cyclase toxin (CyaA, Panel A) which can be separated into domains T25 and T18 (Panel B). Association of 
the two-hybrid proteins results in functional complementation between T25 and T18 fragments (Panel C) 
and leads to cAMP synthesis and stimulation of reporter gene expression. Figure from Karimova et al., 
1998. 

 

The polylinker region in pT18 is located downstream of the lacZ alpha peptide, but 

upstream of the T18 cya N-terminal region. On the other hand, the polylinker region in 

pT25 is located at the C-terminal end of the T25 cya region in pT25 as shown in Figure 5.  

The restriction sites located at the polylinker site in either pT25 or pT18 were utilized to 

digest and ligate the insert of interest (refer to Tables 1 and 2 for constructs). The sites used 

in pT25 were PstI and BamHI, while the sites utilized in pT18 were SalI and XhoI (Table 

2). This was first done by PCR reactions to generate the applicable inserts to either pT18 

or pT25 (Table 2),  

using the following thermocycler conditions. Initial denaturation was done at 98° for 30 

seconds, followed by sequential denaturation per cycler at 98°C for 10 seconds. 

 

 

 



 

15 
 

 

 

Figure 6. Bacterial two-hybrid pT25 and pT18 plasmid maps.  

Maps of the vectors pT18 and pT25 used to generate fusion proteins for the bacterial two hybrid system. All 
proteins of interest were inserted into the polylinker regions shown above. 

  

Annealing was done at 45°C to 49°C as the working annealing range for every primer used 

in any two-hybrid construct.  Extensions were done at 72°C for 1 minute for PCR products 

amplifying fliS and fliW or for 1 minute and 30 seconds for PCR products amplifying flaA, 

with a final extension done at 72°C for 7 minutes. Successful in-frame insertion of the gene 

of interest that would create a fusion protein between T18 or T25 and the protein of interest 

(Table 3) was verified by DNA sequencing. 

Table 3: Fusion protein constructs made for the bacterial two-hybrid system 

Construct pT18 pT25 

CsrA and FliS CsrA FliS 
CsrA and FlaA CsrA FlaA 
FliS and FliS FliS FliS 
FliS and FlaA FliS FlaA 
FliS and FliW FliS FliW 
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The two-hybrid assay was done by the following steps: First, we took the two plasmids 

expressing the fusion proteins (one fused with T18 and the other with T25) were 

transformed into competent Sp850 cells (host strain for the bacterial two-hybrid system). 

The transformation of the cells followed standard transformation protocols. First 50 ng of 

each DNA were added (no more than a total of 5 uL of DNA) to 50 uL of chemically 

competent cells. Cells were incubated on ice for 30 minutes, followed by a 30 second heat 

shock at 42°C on a dry heat block. The cells were then quickly placed back on ice for 3 

minutes. Afterwards, 500 uL of warm LB broth was added to each tube of competent cells, 

which were placed on an incubator at 37°C at 500 rpm for 1 hour. 100 uL, 10 uL, and 1 uL 

of cells were plated onto LB agar plates with chloramphenicol (30 ug/mL) and ampicillin 

(100 ug/mL). The plates were then placed into a 37°C incubator overnight (18 hours). β-

galactosidase assays were then utilized to measure the degree of any protein-protein 

interactions (adapted from Zhang and Bremer 1995). Colonies from each plate were picked 

and an overnight 5 mL pre-culture in LB broth with ampicillin and chloramphenicol. The 

following morning, 150 uL of each pre-culture were inoculated into 3 mL of LB broth with 

ampicillin and chloramphenicol and incubated at 37°C for approximately 3 hours or until 

the OD600 reached between 0.5 and 1.0 (higher cell density tends to produce better reaction 

with the substrate utilized in the final steps of the assay). In a 24-well plate, 200 uL of 

culture were then added to each well and 800 uL of permeablization solution (P solution) 

was added to each well and were mixed via pipetting up and down 4x. P solution consisted 

of 100 mM Na2HPO4, 20 mM KCl, 2 mM MgSO4, 0.8 mg/mL CTAB 

(hexadecyltrimethylammonium bromide), 0.4 mg/mL sodium deoxycholate, and 5.4 

µL/mL β-mercaptoethanol (the β-mercaptoethanol was added last due to its volatility). The 
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samples were then incubated for 45 minutes in a 37°C incubator along with the prepared 

substrate solution (S solution) which comprised of 60 mM Na2HPO4, 40 mM NaH2PO4, 1 

mg/mL o-nitrophenyl-β-D-Galactoside (ONPG), 2.7 µL/mL β-mercaptoethanol. Because 

ONPG is light sensitive, it was kept in a dark area to reduce chances of losing efficacy of 

the substrate (the one that would be cleaved by LacZ to produce the yellow color at the end 

of the assay). Afterwards, 100 uL of the incubating samples were transferred to fresh wells 

and 600 uL of the warm S solution were added to each well (to mix, the mixtures were 

pipetted 4x). At this point, time was elapsed was recorded. As soon as sufficient yellow 

color was developed (here it took around 45 minutes to an hour from the various assay runs 

done) and 700 uL of stop solution (1M sodium bicarbonate) was added to each well. β-

galactosidase activity was then expressed in Miller units33, which utilizes the recorded 

absorbance values at OD420 to convert them into an analytical value. Significance and 

standard deviation were calculated on Graphpad Prism with one-way ANOVA. Miller units 

are calculated using the following equation:   

1 Miller unit = 1,000 x "#$%&'
(("#$)''	  +,	  -./0.12	  3456/27)∗ :+/.52	   ;.;=	  5> ∗?24-0@+A	  0@52))

 

 

5. Construction of in-frame FliW fragments in pT25. In-frame deletion of FliW 

fragments were done utilizing the principle of inverse polymerase chain reaction (PCR) to 

amplify the whole vector of DNA except for a designated area of DNA that will not be 

amplified and instead deleted, creating a vector that loses that portion of DNA. All primers 

used for every related product are shown in Table 3. The wild type pT25-fliW construct 

used was previously constructed in our lab. PCR conditions for inverse PCR in the 

thermocycler were the following: Initial denaturation was at 98°C for 1 minute, sequential 
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denaturations were done at 98°C for 30 seconds, annealing was done at 47°C for 30 

seconds, extension was done at 72°C for 4 minutes and 30 seconds. This was done for 35 

cycles. A final extension was done at 72°C for 7 minutes. 
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III.   RESULTS 

 
1. Phenotypic results: 

An in-frame fliS mutant was made to study the phenotypic implications that deletion of fliS 

would have on motility, biofilm formation, and autoagglutination. We hypothesized that 

deletion of fliS in C. jejuni would have resulted in a phenotype that lacked the ability to be 

motile, reduced capability to form a biofilm, and reduced ability to autoagglutinate. These 

set of experiments were conducted because we wanted to test whether FliS plays an 

essential role in the formation of fully functional flagella in C. jejuni. During construction 

of the mutant, we created an inverse PCR product (see Figure 6) with the fliS deletion. We 

were able to successfully amplify a sufficient amount of DNA when using primers JSF101 

and JSF102. Following this, we were able to ligate the rpsL-Cat cassette into the fliS inverse 

PCR product (pJSF003). We had fewer than 10 colonies from the ligation transformation 

into Top10 competent cells. Afterwards, we used electroporation to transform DRH212 

with our fliS-rpsL-Cat construct, selecting for CmR and screening for StrR. From the 

colonies successfully selected, we were able to then make them electrocompetent. The cells 

were successfully transformed using pJSF005, the inverse PCR clone with the fliS deletion 

(see Table 1).  From this, we selected for StrR and screened for CmS where we had success 

on colonies growing on the streptomycin plate. We screened 11 of those colonies via PCR 

with primers that amplify the fliS region (Figure 7). When compared to the plasmids that 

had the WT fliS, the mutant + rpsL-cat cassette, mutant prospect number 7 had the same 

size as the inverse PCR product (C3), suggesting successful 
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insertion of the fliS in-frame mutation into the DRH212 chromosome. We then sequenced 

the sample and received good sequence which showed successful mutation of fliS in C. 

jejuni. Following successful construction of an in-frame DfliS mutant in 

DRH212, various phenotypic assays were performed to assess the consequences of deleting 

fliS from C. jejuni. These were the biofilm, motility, and autoagglutination assays. The 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  L      C1   C2   C3   C4      1      2      3     4      5     6      7      8      9     10     11    N      L 

Figure 7. Screening for fliS mutant. PCR primers JSF001 and JSF002 was used to analyze 
prospective fliS mutants. L: 1Kb Ladder, Controls used were C1: 81-176, C2: fliS Topo Clone, C3: 
fliS Inverse Product, C4: fliS Inverse Product + rpsl-Cat Cassette. Insert 1-12: Prospective fliS in-
frame deletion DRH212 Mutants N: Negative Control (No Template DNA). The arrow indicates a 
DRH212 containing the fliS deletion mutation. 
 

1kb 
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* 

WT fliS 

Figure 8. Loss of motility in fliS mutant. The motility of wild type DRH212 and the fliS mutant 
were tested using a soft agar assay8. Distances were recorded following 24 hours of incubation time. 
As expected, the wild type was motile, as indicated by the large zone of motility surrounding the 
point of inoculation. The mutant lacked the ability to migrate through the soft agar. ****P<0.0001. 
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motility assay was used to determine if mutation of fliS would affect the motility of C. 

jejuni when compared to the WT DRH212. As illustrated in Figure 8, the fliS mutant lost 

all ability to move. The spot seen in the fliS mutant side of the petri dish was only bacterial 

growth at the injection point (the 2 uL culture injected into the soft agar). This suggests 

that deletion of fliS mutant did not affect the ability of C. jejuni to grow on MH media. 

Moreover, a biofilm assay was performed as shown on Figure 9 and deletion of fliS impairs 

the ability of C. jejuni to form biofilm when compared to the WT, at both 24 and 48 hours. 

Finally, an autoagglutination assay was performed to determine if 

deletion of fliS altered the ability of C. jejuni to autoagglutinate. As illustrated in Figure 10 

below, autoagglutination of both strains was equivalent through the first 10 hours of the 

assay. However, at 24 hours a statistically significant difference between the strains were 

shown. The WT DRH212 culture in the tube was able to autoagglutinate by 24 hours to the 

bottom of tube. The fliS mutant on the other hand, was unable to efficiently autoagglutinate 

even after 24 hours passed. This suggests that the loss of fliS impaired the ability of C. 

jejuni to autoagglutinate. 

  

Figure 9. Deletion of fliS impairs the ability of C. jejuni to form biofilm. We performed a crystal 
violet biofilm assay. At both 24 and 48 hours, the fliS mutant showed reduced biofilm formation 
relative to wild type (WT). ****P<0.0001 
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2. Assessment of protein-protein interactions: 
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Figure 10. The fliS mutant showed reduced ability to autoagglutinate. The ability of C. 
jejuni strains to autoagglutinate was tested by suspending WT and fliS mutant strains at an 
initial OD600 of 1.0, then monitoring the OD600 of the top portion of the suspension. Reduction 
in OD600 showed that the cells have autoagglutinated and fallen to the bottom of the tubes. 
Compared to the WT, the mutant showed reduced autoagglutination at 24 hours 
****P<0.0001. 
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Figure 11. Assessment of protein-protein interactions. We utilized the bacterial 
two-hybrid system to assess for the presence and strength of any protein-protein 
interaction(s). Low b-galactosidase activity relative to the WT CsrA and FliW 
fusion proteins (positive control) showed that FliS and FlaA, FliS and FliS, FliS 
and CsrA, did not associate in this two-hybrid system. ****P<0.0001.  
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After all genes encoding the protein of interest were constructed into either pT25 or pT18 

(refer to Table 1 for constructs made), they were transformed into E. coli Sp850. This 

allows for expression of the lacZ reporter gene and in turn b-galactosidase activity.  As 

illustrated in Figures 11 and 12 there are several answers we can derive from them. 

Consistent with previous findings conducted in a previous project34, the wild type FliW 

and CsrA exhibit strong protein-protein interaction with significantly higher Miller unit 

measurement (a measurement of β-galactosidase activity, where higher values reflect 

stronger protein-protein interactions) than the pT18 and pT25 vectors without any fusion 

protein as shown in both Figures 11 and 12. While on the other hand, the wild type assays 

(Figure 11) and various FliW mutants (Figure 12) made within the bacterial two-hybrid 

1 2 3 1 2 3 

FliW	  fragment	  (amino	  acid	  numbers) 
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Figure 12. Bacterial two-hybrid assessments of protein-protein interactions 
between FliW fragments and CsrA. We utilized the two-hybrid assay to assess for 
the presence and strength of any protein-protein interaction(s). Numbers 1 to 3 for 
each FliW fragment indicate different isolates of the same construct, also shown on 
the map to the right. Described amino acids refers to the fragment of FliW that 
remains following deletion via inverse PCR. Fragment with a.a. 1-61 was produced 
using primers JSF208 and JSF209 while the fragment with a.a. 1 to 8 and 62 to 129 
was produced using primers JSF206 and JSF207. These results suggest that the 
constructed fliW fragments do not interact with CsrA in this system. ****P <0.0001. 

**** 
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system displayed comparable β-galactosidase activity to the empty pT18 and pT25 vectors 

as shown in Figures 11 and 12. This suggests that within this system, FliS/FlaA, FliS/FliW, 

FliS/FliS, FliS/CsrA, and FlaA/CsrA do not interact.  Previous data in our lab using the 

bacterial two-hybrid system showed that FliW interacts with CsrA, and identified the site 

of CsrA to which FliW binds21,34. We next wished to perform the reciprocal experiment, to 

localize the site(s) in FliW to which CsrA binds. We therefore used inverse PCR to 

construct deletion mutants of FliW (wild type is 129 amino acids in total) in pT25. We 

were able to construct fragments containing the following amino acids of FliW: A 1-61 

amino acid fragment (pJSF107) and a 1-8, 62-129 (amino acid fragment (pJSF108) as 

shown in Table 1. We were able to construct the mentioned two fragments by first 

amplifying the region of fliW via inverse PCR using primers JSF208 + JSF209 (to make 

the 1-61 fragment), and JSF206 + JSF207 (to make the 1-8, 62-129 fragment) as shown in 

Table 3, which were then re-circularized to create new plasmids containing T25 fused to 

the fliW fragments above. The plasmids were then transformed into E. coli SP850 cells 

containing pT18-CsrA (AmpR), therefore introducing CmR. Three colonies were picked 

from both plates (three from fragment pJSF107 and another three from fragment pJSF108 

followed by analysis via the b-galactosidase assay. Each of the three isolates (three from 

pJSF107 and three from pJSF108) were done in triplicates. All assessed clones containing 

either the FliW amino acids 1-61 or 1-8, 62-129 fragments showed no interaction with 

CsrA, suggesting that the constructed deletions within this bacterial two-hybrid system lose 

its ability to interact with one another. 
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IV. DISCUSSION 

 
C. jejuni is a leading cause of bacterial gastroenteritis, with an annual incidence of 140 

million cases globally and 1.3 million cases in the United States. 1/1000 of C. 

jejuni infections lead to the onset of Guillain-Barré Syndrome (GBS), the world’s leading 

cause of acute paralysis. While the pathogenic mechanisms of C. jejuni are incompletely 

understood, it is well known that flagellar motility is a primary virulence factor. Flagellar 

assembly is dependent on the coordinated regulation of flagellar subunit synthesis via 

transcriptional and post-transcriptional regulators such as s54, s28, and CsrA, respectively, 

as well as flagellar chaperones such as FliW and FliS. In this project, we were able to 

generate an in-frame deletion of fliS in C. jejuni strain DRH212. 

After generating the in-frame fliS deletion, we proceeded to conduct a series of assays 

to determine any phenotypic changes. FliS in Salmonella typhimurium was found to 

function as a flagellin chaperone to FliC according work done previously in other labs35,36 

where it binds to the C-terminal of FliC36. Further, in Salmonella enterica, FliS was 

suggested to bind 1:1 to FlgM, an anti-s28 factor to regulate various downstream targets 

such as fliA37. In H. pylori, it was demonstrated by Lam et al 2010 that FliS is stabilized 

while folding at its two alpha helices by a chaperone called HP107626. We predicted that 

FliS is involved in flagella assembly in C. jejuni, and that deletion of the fliS gene would 

result in the inability of the resulting mutant to be motile. We further predicted that the fliS 

mutant would lose the ability to form biofilm, since biofilm production is reliant on a fully 

functional flagellum, and autoagglutination. The presence of a functional flagella is needed 

for autoagglutination since this process is mediated by O-linked glycosylation of the C. 
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jejuni flagella. Therefore, autoagglutination deficiency can either be due to an alteration of 

flagellar presence or glycosylation.  Movement of C. jejuni cells is needed for the cells to 

move and clump against one another to agglutinate properly. As predicted, DRH212 with 

WT fliS in the motility assay demonstrated typical movement of the bacteria through the 

soft agar, while the mutant lacking the fliS gene lost the ability to move at all. This is 

presumed to be due to the loss of functional flagella, although future transmission electron 

microscopy will be required to examine the presence or absence of flagella in this mutant. 

According to work done by Barrero-Tobon and Hendrixson, the loss of fliS produced 

flagellar hooks that lacked flagellar filaments in C. jejuni. This was due to FliS being a 

possible flagellin chaperone27. Based on previous studies in B. subtilis, loss of FliS results 

in either loss or a truncated flagellum24 which also served as the basis for our prediction in 

C. jejuni. Further, we predicted that the fliS mutant would lose its ability to form biofilm 

based on previous work that suggested a fully functional flagellum is essential for proper 

biofilm formation in C. jejuni7. Therefore, as predicted our assay worked and showed that 

deletion of fliS resulted in significantly reduced ability to form biofilm when compared to 

WT C. jejuni at both 24 and 48 hours. However, while the differences were significant, the 

48-hour time point for the mutant showed some biofilm formation suggesting that the fliS 

mutant had incomplete loss of biofilm formation. This might either be due to fliS and in 

turn flagella not being absolutely required for C. jejuni to form biofilm, which is has been 

suggested to be the case in earlier studies done in other labs. When Kalmokoff et al 2006, 

produced aflagellated NCTC11168 C. jejuni cells by creating a flhA knockout mutant, they 

showed that this mutant was unable to form biofilm since it lost its ability to attach to a 

solid matrix39. The importance of a functional flagella on biofilm formation in C. jejuni, 



 

27 
 

was further echoed in findings done by Reeser et al 2007. In their experiments, it was found 

that flaAB mutants in various human and chicken clinical isolates had a reduction in biofilm 

production when compared to the WT39. Deletion of flaA and flaB in C. jejuni results in 

truncated flagella19. On the other hand, this can be simply due to mechanical experimental 

error during the washes while the assay was conducted. It is possible that not all of the 

crystal violet staining used was completely rinsed properly for the mutant at the 48-hour 

time point. Further, deletion of fliS reduced the ability of C. jejuni to autoagglutinate. The 

results support our prediction that fliS and in turn functional flagella are required for C. 

jejuni to autoagglutinate efficiently. The decrease in OD600 in the fliS mutant shown in 

Figure 10 is most likely due to natural sedimentation due to gravity (eventually, all bacterial 

cells when kept undisturbed will sink to the bottom of a test tube). This is also explained 

as autoagglutination is the ability of bacteria to aggregate with one another to form clumps. 

The results suggest that a lack of functional fliS delays the ability of C. jejuni to 

autoagglutinate efficiently when compared to the WT. Or on the other hand, it is possible 

that based on these results that the truncated flagella in the fliS mutant, can still 

autoagglutinate to a significantly lesser extent.   

We next assessed the role of protein-protein interactions in the regulation of flagellar 

synthesis and assembly. Several bacterial two-hybrid constructs were made to test for 

various protein-protein interaction(s) which included FliS/FliS, FliS/FlaA, FliS/FliW, and 

FliS/CsrA. The reasoning to conduct such studies was inspired by Murkhejee et al 2013 

where they suggested that FliS works with FliW to regulate flagellin in B. subtilis22. This 

provoked the prediction that maybe FliS may have some sort of interaction with FliW or 

other components of the FliW/CsrA model as shown in Figure 1, which included CsrA and 
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FlaA. Therefore, we analyzed all potential protein-protein interaction(s) using the level of 

b-galactosidase activity relative to the WT FliW/CsrA constructs. According to the assays 

done, all tested constructs suggested that there were no interaction(s). This was in 

opposition to our prediction. We know the experiment itself worked since the positive 

control which studied the interaction between pT25-FliW and pT18-CsrA fusion proteins 

as the point of reference for successful strong protein-protein interaction showed relatively 

strong b-galactosidase activity. Therefore, a possible reason why the tested constructs did 

not work is most likely not a mechanical error during the actual assay since the positive 

control (pT18-CsrA & pT25-FliW) produced b-galactosidase activity. All constructs made 

were sequenced verified, so the possibility of point mutations abrogating interactions were 

excluded as a source for error. The most likely explanation for the lack of interactions is 

that one or both of the proteins within each pair was not folded properly as part of a fusion 

with the respective CyaA fragment. For example, it is possible that the location of the 

fusion junction at one end of the protein did not allow it to fold correctly, as the N- or C-

terminal ends are often buried within the mature protein and fusion of a heterologous 

protein at these sites may preclude proper folding. In future experiments, the fusion 

junctions could be moved to the opposite ends of the proteins and then testing again for 

protein-protein interactions. However, while experiments regarding the bacterial two 

hybrid system were being conducted, Radomska et al 2017 showed that FliS binds at the 

C-terminal subdomain of glycosylated flagellin in C. jejuni19. Additionally, FliS was 

suggested to inhibit flagellin polymerization into flagellar filaments in S. typhimurium35. 

Previous work from our lab showed that C. jejuni CsrA activity is modulated by binding 

to FliW21, and we defined the amino acids of CsrA that mediated this interaction. We next 
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focused on identifying the area(s) of the FliW protein that are essential to bind to CsrA 

since we already know from previous experiments conducted in our lab that FliW binds to 

CsrA21,34. Additionally, based on crystal structures done previously by Altegoer et al 2016 

using FliW from Geobacillus thermodenitrificans and Pseudomonas fluorescens CsrA40, 

we predicted that FliW interacts with the C-terminal region of CsrA, which we have also 

shown in our lab previously34. Specifically, FliW monomers allosterically regulate CsrA 

activity by forming a heterotetramer with CsrA (two molecules each of FliW and CsrA 

respectively)42>41. This causes inhibition of CsrA activity by FliW. Therefore, we predicted 

that the fragments of FliW which retained the N-terminal portion of FliW, but lacked the 

C-terminal region would result in no interaction with CsrA in the bacterial two-hybrid 

system. On the other hand, the fragment formed with the C-terminal region of FliW left 

was predicted to show interaction with CsrA in the bacterial two-hybrid system. According 

to Figure 11, the pT25-FliW fusion protein that only had the N-terminal fragment of FliW 

showed no interaction with CsrA, which goes in accordance to our prediction. This is due 

to the C-terminal region being required to form interactions with the RNA binding site of 

CsrA based on previous findings that residues 125-129 of FliW interacts with CsrA in its 

crystal structure40. However, our construct with the FliW fragment that maintained amino 

acids 1 to 8 and 62 to 129 (C-terminal region) showed no interaction as well as illustrated 

in Figure 12, which was unexpected. A possible reason for this outcome was the way the 

primers were designed for the fragments. The primers when used to amplify the desired 

fragments via inverse PCR introduced an additional restriction site at residue 8 of FliW 

when translated. It is possible that the introduction of an additional amino acid residue 

might have had negative implications on the protein structure. Other implications of 
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constructing these fragments may result in shut down of expression for FliW, which can 

explain why there is zero interaction between the FliW fragments and CsrA within the 

bacterial two-hybrid system. These factors collectively are possibly the major reasons why 

there was a negative result. The sequences for the constructs made with the fragments were 

in-frame without any unwanted mutations, so it can possible be the disruption of the protein 

structure when it forms or lack of protein expression. Therefore, it is imperative to conduct 

protein expression experiments in the future to see if lack of expression was the problem 

in the bacterial two-hybrid experiments.  

Our driving force to conduct these experiments lies in the fact that it is proven that 

a fully functional bacterial flagellum is essential for bacterial pathogenesis in its hosts. 

Without a functional flagellum, C. jejuni would not be able to migrate toward beneficial 

compounds, invade cells, or avoid the host immune system adequately through survival 

mechanisms such as biofilm formation. That is why it is imperative that research in this 

field continues, so that we find more ways to combat bacterial infections, especially those 

by C. jejuni. 
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IV.   SUMMARY 

 
C. jejuni is a leading cause of bacterial gastroenteritis, with an annual incidence of 140 

million cases globally and 1.3 million cases in the United States. While the pathogenic 

mechanisms of C. jejuni are incompletely understood, it is well known that flagellar 

motility is a primary virulence factor. In C. jejuni, the post-transcriptional regulator CsrA 

regulates flagellar biogenesis in C. jejuni by binding to the mRNA for flaA (encoding the 

major flagellin), repressing FlaA synthesis. CsrA regulatory activity on flagellar and non-

flagellar targets is predicted to be modulated by protein-protein interactions with the 

flagellar chaperone FliW. Both FliW and a second flagellar chaperone FliS are predicted 

to participate in flagellar assembly by binding to FlaA. Therefore, we investigated the roles 

of FliW and FliS in CsrA regulation and flagellar biogenesis by constructing and 

characterizing a fliS mutant of C. jejuni strain 81-176, and by testing for the presence of 

protein-protein interaction(s) among CsrA, flagellin, and flagellar chaperones. We 

produced the following experimental results: 

1.   A fliS mutant loses motility as well as significant reduction in ability to 

produce biofilm and autoagglutinate: 

We conclude from these results that a fully functional flagellum is required in C. jejuni 

to perform the aforementioned actions and hence needed for bacterial 

pathogenesis. 
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2.   In the bacterial two-hybrid system, FliS does not interact with FliW, 

CsrA, FlaA, and FliS: 

We conclude that our findings are not consistent with our hypothesis. The most 

likely explanation for the lack of interactions is that one or both of the proteins 

within each pair was not folded properly as part of a fusion with the respective 

CyaA fragment. 

3.   The two FliW fragments in pT25 did not interact with CsrA in pT18: 

We conclude that a possible reason for our results for both constructed FliW 

fragments might be due to interference of the addition of a XhoI site from 

the primers used for these set of experiments on the structural integrity of 

the FliW CsrA binding site. Another possible explanation is the loss of 

expression of FliW when fragmented. 

 

 

Figure 13. Summarized FliS findings within the FliW/CsrA/FliS model. Based on the 
bacterial two-hybrid experiments, FliS did not interact (abbreviated by NI for “no 
interaction”) with CsrA, FlaA, or FliW. However, the fliS mutant construct suggested 
through the motility, biofilm, and autoagglutination assays that FliS plays an important role 
in proper flagellar biosynthesis in C. jejuni. 

NI 
NI 

NI FliW-‐CsrA 

Required	  for	  
complete	  
synthesis 
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VI.   ABBREVIATIONS

AmpR: Ampicillin resistant 

CmR: Chloramphenicol resistant 

CmS: Chloramphenicol sensitive 

CsrA: Carbon storage regulator A 

CTAB: Hexadecyltrimethylammonium bromide 

FlaA: Flagellin subunit A 

FlaB: Flagellin subunit B 

GBS: Guillan-Barré syndrome 

LOS: Lipo-oligosaccharide 

MH: Mueller-Hinton 

NI: No interaction 

ONPG: O-nitrophenyl-β-D-Galactoside 

P solution: Permablization solution 

S solution: Substrate solution 

StrR: Streptomycin resistant 

StrS: Streptomycin sensitive 

UTR: 5’ Untranslated region 

WT: Wild type 

 


