
The Clostridium difficile Flagellar System
Mediates Toxin Synthesis, Pathogenicity,

and Activation of Innate Immune Responses

Item Type text; Electronic Dissertation

Authors Clark, Andrew Elton

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:06:09

Link to Item http://hdl.handle.net/10150/623153

http://hdl.handle.net/10150/623153


 

 

 

 

 

THE CLOSTRIDIUM DIFFICILE FLAGELLAR SYSTEM MEDIATES TOXIN 

SYNTHESIS, PATHOGENICITY, AND ACTIVATION OF INNATE IMMUNE 

RESPONSES 
 

by 
 

 

Andrew Elton Clark 
 

 

__________________________ 
Copyright © Andrew Elton Clark 2016 

 

 

A Dissertation Submitted to the Faculty of the 

 
 

SCHOOL OF ANIMAL AND COMPARATIVE BIOMEDICAL SCIENCES 

 
 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 
 

DOCTOR OF PHILOSOPHY 

 

WITH A MAJOR IN MICROBIOLOGY AND PATHOBIOLOGY 
 

 

In the Graduate College 

 

 

THE UNIVERSITY OF ARIZONA 
 

 

 

 

2016 

 

 



2 

 

 

 

 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by Andrew E. Clark, titled The Clostridium difficile Flagellar System Mediates 

Toxin Synthesis, Pathogenicity, and Activation of Innate Immune Responses and 

recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 

Doctor of Philosophy. 

 
 

_______________________________________________________________________ Date: 7 November 2016 

Dr. Gayatri Vedantam    

 

_______________________________________________________________________ Date: 7 November 2016 

Dr. V.K. Viswanathan    

    

_______________________________________________________________________ Date: 7 November 2016 

Dr. Michael W. Riggs    

 

_______________________________________________________________________ Date: 7 November 2016 

Dr. Hsin-Jung Joyce Wu 

 

_______________________________________________________________________ Date: 7 November 2016 

Dr. Nancy E. Freitag 

    

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s 

submission of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and 

recommend that it be accepted as fulfilling the dissertation requirement. 

 

 

________________________________________________ Date: 7 November 2016 

Dissertation Director:  Dr. Gayatri Vedantam    



 

3 
 

STATEMENT BY THE AUTHOR 
 

This dissertation has been submitted in partial fulfillment of the requirements for 
an advanced degree at the University of Arizona and is deposited in the University 
Library to be made available to borrowers under the rules of the Library. 
 
 Brief quotations from the dissertation are allowable without special permission, 
provided that an accurate acknowledgement of the source is made.  Requests for 
permission for extended quotation from or reproduction of this manuscript in whole or in 
part may be granted by the head of the major department or the Dean of the Graduate 
College when it is in his or her judgement the proposed use of the material is in the 
interests of scholarship.  In all other instances, however, permission must be obtained by 
the author. 
 
 
 

 
SIGNED:  Andrew E. Clark 

  



4 

 

ACKNOWLEDGEMENTS 

 

While completing this dissertation, I have been exceedingly lucky to have the love and 

unwavering support of teachers, friends and family.   

To my parents: thank you for being the so incredible and supportive through a process 

which must have seemed to have taken forever.  

I am deeply indebted to my mentors, Drs. Gayatri Vedantam and VK Viswanathan, for 

both challenging and supporting me throughout this entire process.  Your guidance and 

optimism forced me to look at this project through new eyes time and again, and has 

made me into the scientist I am today.   

I am also grateful to my committee members, Drs. Mike Riggs, Joyce Wu and Nancy 

Freitag for providing excellent direction, insight, and support. Without your tireless 

efforts, this undertaking would not be what is has become. 

I also wish to express my sincerest thanks to my wonderful friends and bench mates in 

the Vedantam and Viswanathan laboratories.  Your constant support and friendship were 

a source of both inspiration and motivation for me.  Science can sometimes be a 

frustrating endeavor, and having you all along for the ride has brightened the journey.  

I’ve learned so much from you all – lessons which I will keep with me always. 

To Jenny Roxas:  Thank you for always providing an ear for listening, a solution for any 

technical issue, and a sledgehammer for any major problem.  

To Bryan Roxas:  I don’t think I will ever be able to grasp how you are able to coax 

Excel into performing so many simultaneous commands.  Without your expertise and 

patience, this work would not be complete. 

To Michèle Chu:  My gratitude for always having a smile on your face, a friendly laugh, 

and a bell on your bag. 

Finally, to my undergraduate mentees Chelsea Adamson and Aaron Brussels:  This work 

is as much mine as it is yours – your assistance and dedication to these projects was 

unwavering.  Thank you for your hard work through the tough experiments and late 

nights.  I hope what knowledge I was able to pass on will serve you well in whatever 

endeavors you pursue, and I wish you every success in the future. 

  

 

 



 

5 
 

TABLE OF CONTENTS 

TABLE OF FIGURES………………………………………………………………. 10 
COMMONLY USED ABBREVIATIONS………………………………………… 12 
PCR PRIMERS USED IN THIS WORK………………………………………….. 14 
STRAINS USED IN THIS WORK…………………………………………………. 16 
ABSTRACT………………………………………………………………………….. 18 
  
CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW……………… 19 
The clostridia and human disease………………………………………………….. 19 

Overview…………………………………………………………………….. 19 
Phylogenetic taxonomy of the clostridia……………………………………… 21 
Unifying traits of clostridial pathogenesis……………………………………. 21 

Clostridium difficile: A host-adapted, anaerobic gastrointestinal pathogen……... 23 
Overview……………………………………………………………………… 23 
Discovery and historical perspectives………………………………………… 24 

Early investigations of C. difficile biology…………………………… 25 
Investigations of the infectious cause of pseudomembranous colitis………… 27 

An association between C. difficile and infectious colitis……………. 28 
Characterization of the toxic element of C. difficile………………….. 29 
Identification of C. difficile as the etiological agent of antibiotic-
associated colitis…………………………………………………….... 

 
31 

The Clostridium difficile genome……………………………………………………. 33 
Overview……………………………………………………………………… 33 
Genomic conservation………………………………………………………… 34 
The C. difficile pathogenicity locus………………………………………… 35 

Laboratory evaluation of clinical Clostridium difficile isolates…………………… 39 
Overview……………………………………………………………………… 39 
Determinative assays for C. difficile identification…………………………… 39 
Molecular epidemiology and strain typing of C. difficile isolates……………. 40 

Ribotyping…………………………………………………………….. 43 
Whole genome sequencing…………………………………………… 44 

The changing epidemiology of Clostridium difficile infections……………………. 46 
Overview: emergence of a pandemic, outbreak-associated strain……………. 46 

The OA-CD BI/027/NAP1 outbreak in the United States……………. 46 
The OA-CD BI/027/NAP1 outbreak in Canada……………………… 48 
The OA-CD BI/027/NAP1 outbreak in Europe………………………. 49 

Fitness and “hypervirulence” of the OA-CD BI/027/NAP1 strain…………… 52 
Molecular characteristics of the 027 ribotype………………………………… 54 

Toxin levels and expression kinetics…………………………………. 56 
Sporulation kinetics…………………………………………………… 57 
Vegetative cell characteristics and competitive advantages………….. 58 
Microevolution within the 027 ribotype 59 

Concluding remarks………………………………………………………………… 60 
 

 
 



 

6 
 

CHAPTER 2: FLAGELLIN IS A PLEOTROPIC REGULATOR OF 
CLOSTRIDIUM DIFFICILE GENE EXPRESSION, TOXIN SYNTHESIS, 
AND VIRULENCE………………………………………………………………….. 

 
 
61 

Background…………………………………………………………………………... 61 
Overview……………………………………………………………………… 61 
The C. difficile flagellar locus………………………………………………… 62 
The F3 flagellar region: initiation of flagellar assembly……………………… 64 

The alternative sigma factor SigD……………………………………. 66 
The F1 flagellar region: regulation of hook and filament synthesis………….. 67 
The C. difficile flagellin………………………………………………………. 69 

Historical perspectives………………………………………………... 69 
The role of flagellin in C. difficile pathogenesis……………………… 73 
Flagellar regulation of toxin synthesis: the role of SigD……………... 74 
The anti-sigma factor FlgM…………………………………………... 76 
Flagellin as a pleotropic regulator of C. difficile gene expression……. 76 

Chaperones of flagellar filament proteins…………………………………….. 77 
The flagellar capping protein chaperone FliT………………………… 77 
Flagellin chaperones of the FliS class………………………………… 78 

Flagellin homeostasis: an unexplored mechanism of C. difficile pathogenesis. 80 
Carbon storage regulator CsrA……………………………………….. 81 
Flagellin regulator FliW………………………………………………. 83 
Expanded regulator roles of FlgM and FliS…………………………... 83 

Rationale and Significance………………………………………………………….. 86 
Methods………………………………………………………………………………. 87 

Clinical isolates, bacterial culture, and cell culture conditions……………….. 87 
Quantitative analysis of C. difficile growth…………………………………... 88 
Quantitative measurement of C. difficile vegetative cell agglutination………. 88 
ClosTron-mediated generation of C. difficile flagellar mutants………………. 89 
Plasmid-mediated complementation of C. difficile flagellar mutants………… 90 
Measurement of C. difficile motility………………………………………….. 92 
Microscopic visualization of C. difficile flagella, animal tissue, and bacterial 
attachment…………………………………………………………………….. 

 
93 

Protein processing, iTRAQ labeling, and peptide fractionation……………… 93 
Mass spectrometry and protein quantitation………………………………….. 94 
Generation of recombinant HIS-FliC fusion protein…………………………. 95 
Generation of FliC antisera…………………………………………………… 96 
FliC immunoblotting………………………………………………………….. 97 
Toxin ELISA………………………………………………………………….. 98 
Toxin immunoblotting………………………………………………………... 99 
Quantitative measurement of C. difficile attachment to Caco-2 BBE cells…... 99 
Infection and analysis of virulence in the Syrian Golden hamster……………. 100 
Histological preparation of animal tissues……………………………………. 101 
Analysis of C. difficile biofilm formation…………………………………….. 102 
Sporulation assays…………………………………………………………….. 102 

Results and Discussion………………………………………………………………. 104 
Clinical C. difficile isolates exhibit variant motility patterns with respect to  



7 

 

the genetic architecture of their native flagellar loci.......................................... 104 

C. difficile clinical isolates with different flagellar locus architectures exhibit 

variable levels of flagellar protein sequence conservation…………………… 

 

106 

Mapping of the C. difficile F1 flagellar region……………………………….. 108 

Construction of isogenic fliC mutants in C. difficile………………………….. 111 

Expression and purification of native and recombinant C. difficile FliC……... 113 

Insertional inactivation of fliC results in a loss of motility and flagellar 

assembly………………………………………………………………………. 

 

116 

Microscopic visualization of C. difficile flagellar filaments………………….. 116 

Loss of FliC expression foes not impact C. difficile growth kinetics………… 118 

Loss of FliC expression impacts the C. difficile cell surface…………………. 120 

Mutagenesis of fliC alters C. difficile sporulation kinetics…………………… 126 

Mutagenesis of fliC alters C. difficile biofilm formation……………………... 129 

A C. difficile BI-1 fliC mutant is more virulent in the hamster model of acute 

CDI……………………………………………………………………... 

 

132 

Infection with a BI-1 fliC mutant causes significant intestinal pathology……. 136 

Loss of FliC expression results in profound proteomic change………………. 140 

Loss of FliC expression uniformly results in a loss of motility………………. 145 

Loss of FliC expression results in elevated levels of toxin synthesis………… 147 

A CDC1 fliC mutant secretes elevated levels of toxin………………………... 150 

SigD positively regulates motility, sporulation, toxin production, and biofilm 

formation……………………………………………………………………… 

 

152 

SigD is a master regulator of FliC expression……………………………… 152 

Intracellular FliC is a novel regulator of C. difficile virulence……………….. 155 

C. difficile harbors two alleles encoding the flagellin chaperone FliS………... 158 

The CsrA-FliW regulatory circuit impacts toxin secretion and biofilm 

formation……………………………………………………………………… 

 

161 

A preliminary model for C. difficile FliC homeostasis……………………….. 163 

Chapter 2 Highlights………………………………………………………………… 166 

 

 

 

CHAPTER 3: THE CLOSTRIDIUM DIFFICILE FLAGELLAR CAPPING 

PROTEIN MEDIATES MOTILITY, ATTACHMENT, BIOFILM 

FORMATION, AND VIRULENCE………………………………………………... 

 

 

167 

Background…………………………………………………………………………... 167 

Overview……………………………………………………………………… 167 

The role of FliD in flagellar biogenesis………………………………………. 167 

Regulation of FliD expression ……………………………………….. 169 

FliT is the FliD chaperone during flagellar assembly………………… 170 

FliD proteins from other bacterial species……………………………. 170 

Flagellin sensation through Toll-like receptors………………………………. 172 

The FliD protein of C. difficile………………………………………………... 174 

Serological responses to FliD during CDI……………………………. 175 

The role of FliD in C. difficile colonization and virulence…………… 175 

Rationale and Significance………………………………………………………….. 179 

Methods………………………………………………………………………………. 180 



 

8 
 

Quantitation of secreted FliC from C. difficile culture supernatants…………. 180 
IL-8 induction and quantitation……………………………………………….. 180 
Quantitative measurement of spore burdens of infected hamsters and mice…. 181 
Murine infections……………………………………………………………... 181 

Results and Discussion………………………………………………………………. 183 
fliD mutagenesis results in a loss of motility and flagellar assembly………… 183 
Expression and purification of recombinant FliD-HIS……………………….. 185 
fliD mutagenesis does not impact C. difficile growth kinetics………………... 187 
fliD mutagenesis causes strain-specific impacts on C. difficile attachment to 
C2BBE………………………………………………………………………….. 

 
189 

fliD mutagenesis causes unique pleotropic alterations in the C. difficile 
proteome………………………………………………………………………. 

 
192 

fliD mutagenesis does not impact C. difficile sporulation kinetics…………… 195 
fliD mutagenesis does not impact C. difficile biofilm formation……………... 197 
fliD mutagenesis causes a uniform increase in levels of secreted toxins……... 199 
A BI-1 fliD mutant exhibits enhanced virulence in the hamster model………. 202 
A BI-1 fliD mutant secretes high levels of monomeric flagellin……………... 206 
Hypersecretion of FliC induces intestinal pathology independent of toxin…... 209 
A TLR5 knockout mouse is resistant to pathology caused by flagellin 
hypersecretion………………………………………………………………… 

 
215 

Chapter 3 Highlights………………………………………………………………… 223 
 
 

 

CHAPTER 4: POST-TRANSLATIONAL MODIFICATION OF THE 
CLOSTRIDIUM DIFFICILE FLAGELLIN MODULATES TOXIN 
PRODUCTION, CELL SURFACE PROPERTIES, AND HOST CELL 
SIGNALING…………………………………………………………………………. 

 
 
 
224 

Background…………………………………………………………………………... 224 
Overview……………………………………………………………………… 224 
N-linked protein glycosylation………………………………………………... 225 
O-linked protein glycosylation………………………………………………... 227 
O-linked glycosylation of bacterial flagellins………………………………… 228 
Consequences of flagellin glycosylation……………………………………… 230 
C. difficile flagellar glycosylation…………………………………………….. 232 

Rationale and Significance………………………………………………………….. 235 
Methods………………………………………………………………………………. 236 

Electron-transfer dissociation analysis of C. difficile flagellar glycans………. 236 
Quantitative analysis of C. difficile motility………………………………….. 236 
Ruthenium Red staining………………………………………………………. 237 
Fractionation of C. difficile vegetative cells for FliC analysis………………... 237 

Results and Discussion………………………………………………………………. 239 
C. difficile harbors two distinct F2 flagellar regions for flagellin 
glycosylation………………………………………………………………….. 

 
239 

Carriage of variant F2 regions results in differential glycosylation of FliC….. 242 
Mutagenesis of gt1, gt2, and gt3 flagellar glycotransferase genes 
differentially impacts motility and flagellar assembly………………………... 

 
245 



9 

 

Flagellin is sequestered within the vegetative cell of gt1 and gt2 mutants…… 248 

C. difficile BI-1 FliC modification proceeds through a processive mechanism 251 

Loss of FliC glycosylation impacts attachment, aggregation, and biofilm 

formation……………………………………………………………………… 

 

255 

Sequestration of FliC in glycotransferase mutants impacts toxin synthesis….. 258 

The impact of intracellular flagellin on C. difficile toxin secretion…………... 260 

Loss of FliC glycosylation causes unique proteomic alterations when 

compared to a fliC mutant…………………………………………………….. 

 

262 

C. difficile flagellin glycosylation dampens signaling elicited by TLR5-FliC 

interaction……………………………………………………………………... 

 

264 

The C. difficile primary sequence is evolutionarily conserved……………….. 267 

Swapping fliC alleles among different flagellar locus types impacts strain 

biology………………………………………………………………………... 

 

269 

Chapter 4 Highlights………………………………………………………………… 274 

 

 

 

CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS……………………… 275 

 Summary and Future Directions…………………………………………………... 275 

Overview……………………………………………………………………… 275 

The regulation of C. difficile toxin gene expression by FliC status ………….. 275 

Interaction of FliD with host epithelial cells………………………………….. 277 

Flagellin-mediated inflammatory signaling during CDI……………………… 277 

Concluding remarks…………………………………………………………... 277 

 

 

 

REFERENCES………………………………………………………………………. 279 

 



 

10 
 

TABLE OF FIGURES 

Figure Description Page 
Figure 2.1 Motility phenotypes of divergent C. difficile flagellar locus types 105 

Figure 2.2 C. difficile strains encoding different flagellar locus architectures harbor unique 
flagellar genes 

110 

Figure 2.3 Mutagenesis and confirmation of fliC interruption in C. difficile BI-1 112 

Figure 2.4 Generation of two C. difficile FliC-specific antisera 115 

Figure 2.5 Mutagenesis of fliC results in a loss of flagellar-mediated motility and flagellar 
assembly in C. difficile 

117 

Figure 2.6 Mutagenesis and complementation of fliC does not impact C. difficile growth 
kinetics 

119 

Figure 2.7 Mutagenesis of BI-1fliC results in increased levels of attachment to C2BBE cells 
and cellular agglutination in vitro 

124 

Figure 2.8 Mutagenesis of 630Δerm or CDC1 fliC does not impact attachment or 
agglutination 

125 

Figure 2.9 Mutagenesis of C. difficile fliC causes strain-specific alterations in sporulation 
kinetics 

128 

Figure 2.10 Loss of FliC expression impacts biofilm formation in a strain-specific manner 131 

Figure 2.11 A BI-1 fliC mutant is more virulent in the Syrian Golden hamster model of acute 
CDI 

135 

Figure 2.12 Representative whole intestinal tracts of BI-1 and cognate fliC mutant-infected 
hamsters 

138 

Figure 2.13 Ultrastructural and histological analysis of infected hamster tissues 139 

Figure 2.14 Mutagenesis of fliC results in broad and profound alterations 143 

Figure 2.15 Summary of effects the loss of FliC expression has in the BI-1 background 144 

Figure 2.16 Construction of fliC lesions in a collection of C. difficile clinical isolates 146 

Figure 2.17 Mutagenesis of fliC uniformly results in increased levels of TcdA and TcdB 
secreted from motile strains 

149 

Figure 2.18 Toxin synthesis is increased in a CDC1 fliC mutant which lacks sigD 151 

Figure 2.19 SigD influences C. difficile motility, toxin synthesis, biofilm formation, 
sporulation, and FliC expression 

154 

Figure 2.20 A model for the impact of intracellular FliC on SigD, TcdR, and secreted toxin 
levels 

157 

Figure 2.21 The FliC chaperones FliS1 and FliS2 impact toxin synthesis, but are dispensable 
for motility 

160 

Figure 2.22 The FliW-CsrA regulatory circuit impacts sporulation, toxin synthesis, and 
biofilm formation 

162 

Figure 2.23 A model for flagellin homeostasis in C. difficile 165 
   

Figure 3.1 Mutagenesis of C. difficile fliD 184 

Figure 3.2 Generation of C. difficile FliD-HIS and FliD-specific antisera 186 

Figure 3.3 Mutagenesis and plasmid complementation of fliD does not impact C. difficile 
growth kinetics 

188 

Figure 3.4 Mutagenesis of BI-1 fliD results in elevated levels of attachment to C2BBE 191 

Figure 3.5 Loss of FliD expression results in proteomic changes unique from those observed 
in a fliC mutant 

194 

Figure 3.6 Loss of FliD expression does not robustly impact C. difficile sporulation kinetics 196 



 

11 
 

Figure 3.7 Loss of FliD expression does not impact C. difficile biofilm formation 198 

Figure 3.8 Loss of FliD expression results in elevated levels of secreted toxin 201 

Figure 3.9 A BI-1 fliD mutant exhibits increased virulence in the hamster model of acute 
CDI 

204 

Figure 3.10 Ultrastructural and histopathological analysis of BI-1 fliD mutant-infected 
hamster tissues 

205 

Figure 3.11 Loss of FliD expression results in the hypersecretion of monomeric flagellin into 
C. difficile culture supernatants 

208 

Figure 3.12 A non-toxigenic C. difficile fliD mutant robustly colonizes the hamster 
gastrointestinal tract 

213 

Figure 3.13 A non-toxigenic C. difficile fliD mutant causes intestinal pathology at early time 
points during infection 

214 

Figure 3.14 Schematic detailing the manipulation of the cefoperazone-treated mouse model 
for CDI 

219 

Figure 3.15 Cefoperazone-treated C57B6 and C57B6tlr5-/- mice are susceptible to infection 
with a BI-1 fliD mutant 

220 

Figure 3.16 Cefoperazone-treated C57B6 and C57B6tlr5-/- mice infected with BI-1 and an 
isogenic fliD mutant exhibit differential intestinal pathology 

221 

Figure 3.17 Summary of bacteriological changes associated with loss of either FliC or FliD 
expression in C. difficile BI-1 

222 

   

Figure 4.1 C. difficile harbors two distinct flagellar glycosylation loci which comprise the 
F2 flagellar region 

241 

Figure 4.2 Carriage of unique F2 genes results in differential glycosylation of FliC 244 

Figure 4.3 Construction of flagellin glycotransferase mutants in C. difficile BI-1 247 

Figure 4.4 Loss of GT1 or GT2 expression causes FliC to be sequestered inside the 
vegetative cell 

250 

Figure 4.5 Alterations in the molecular weight of FliC isolated from BI-1 flagellar 
glycosylation mutants indicates a processive mechanisms of flagellin 
modification 

253 

Figure 4.6 A model for the processive glycosylation of the BI-1 flagellin 254 

Figure 4.7 Flagellin glycosylation impacts C. difficile attachment and agglutination 256 

Figure 4.8 Loss of flagellin glycotransferase function does not impact C. difficile biofilm 
formation 

257 

Figure 4.9 Loss of flagellin glycosylation impacts levels of TcdA and TcdB in culture 
supernatants 

259 

Figure 4.10 Intracellular concentrations of FliC dynamically impact toxin secretion 261 

Figure 4.11 Loss of flagellin glycosylation causes broad pleotropic changes in the C. difficile 
proteome 

263 

Figure 4.12 Loss of flagellin glycosylation impacts host cell signaling through TLR5 
interaction 

266 

Figure 4.13 The C. difficile fliC sequence is intimately linked to the native glycosylation 
machinery 

268 

Figure 4.14 Cross-complementation of mutants with non-cognate fliC alleles impacts motility 
and flagellar assembly in the BI-1 background 

272 

Figure 4.15 Cross-complementation with non-cognate fliC alleles impacts toxin synthesis 273 

 

  



 

12 
 

COMMONLY USED ABBREVIATIONS 

Abbreviation Definition 
AAC Antibiotic-associated colitis 
AAD Antibiotic-associated diarrhea 
BHI Brain-Heart Infusion media 
BHIS Brain-Heart Infusion media supplemented cysteine 
BHIS-T BHIS supplemented with taurocholate 
BHIS-TCC BHIS supplemented with taurocholate, cyloserine, and cefoxitin 
C2BBE Caco-2 BBE 

CDI C. difficile infection 
CPE Cytopathic effect 
CV Crystal violet 
DMEM Dulbecco's Modified Eagle's medium 
ER Endoplasmic reticulum 
EtBr Ethidium bromide 
ETD Electron transfer disassociation 
FBS Fetal Bovine Serum 
GT Glycotransferase 
HexNAc N-Acetyl hexosamine 
IL-8 Interleukin 8 
ISR Intergenic spacer region 
LB LB media (Miller's formulation) 
LGCT Large clostridial glucosylating toxin 
LLO Lipid-linked oligosaccharide 
MLST Multilocus sequence typing 
MLVA Multilocus variable number tandem repeat analysis 
NAP North American pulsed field type 
non-OA-CD Non-outbreak-associated C. difficile 
OA-CD Outbreak-associated C. difficile 
O-OST O-linked oliogsaccharyltransferase 
ORF Open reading frame 
OST Oligosaccharyltransferase 
PAGE Polyacrylamide gel electrophoresis 
PaLoc Pathogenicity locus 
PAMP Pathogen-associated molecular pattern 
PMC Pseudomembranous colitis 
REA Restriction enzyme analysis type 
RT Ribotype 
SEM Scanning electron microscopy 
SLP Surface layer protein 
SNP Single nucleotide polymorphism 



 

13 
 

T3SS Type III secretion system 
TCCFA Taurocholate-Cefoxitin-Cycloserine-Fructose Agar 
TEAB Triethylammonium bicarbonate 
TLR Toll-like receptor 
WGS Whole genome sequencing 

  



 

14 
 

PCR PRIMERS USED IN THIS WORK 

Primer Description Sequence (5’3’) 
AC1 Cloning of BI-1 gt1 into pGEM®T-Easy TGTAGGGCTTAGGGATGAAGC 

AC2 Cloning of BI-1 gt1 into pGEM®T-Easy CCTTCAATGTCACAAAGGATTTT 

AC3 Cloning of BI-1 gt2 into pGEM®T-Easy CAGCTACTAGTATGCCACTTTGC 

AC4 Cloning of BI-1 gt2 into pGEM®T-Easy TCATCAACAAAACATGGTTCAG 

AC5 Cloning of BI-1 gt3 into pGEM®T-Easy TTCAACAGGAGGGCATACAA 

AC6 Cloning of BI-1 gt3 into pGEM®T-Easy TTCCCATCAACTCCAAAAGC 

AC15 Confirmation of motB-specific ClosTron integration TGACTCTGGGATTTCTGAGTTAAA 

AC16 Confirmation of motB-specific ClosTron integration GTCTAGGGTCCATGCCCTTT 

AC33 Cloning of BI-1 fliC into pMTL82151 by NotI 
digestion 

CCCTGGCGGCCGCGACTTTATAATAG
AATGGAAT 

AC34 Cloning of BI-1 fliC into pMTL82151 by XhoI 
digestion 

CCCTGCTCGAGTTATCCTAATAATTG 

AC45 Cloning of BI-1 fliD into pGEM®T-Easy ATTGCAATAGTAAAACAAATTAGAG
A 

AC46 Cloning of BI-1 fliD into pGEM®T-Easy AATTAATTACCCTGTGCTTGTGA 

AC51 Cloning of BI-1  fliC into pGEM®T-Easy for cross-
complementation 

CCTGTCCGATTATATAAATGAAGAAT
TA 

AC52 Cloning of BI-1  fliC into pGEM®T-Easy for cross-
complementation 

GCAAAGCCTTACCCTTTCTTC 

AC53 Cloning of 630Δerm fliC into pGEM®T-Easy for 
cross-complementation 

CCGATAATATAAACGGATAGTTAAT
ACA 

AC54 Cloning of 630Δerm fliC into pGEM®T-Easy for 
cross-complementation 

GCAAAGCCTTATCCTTTCTTTTT 

AC61 Cloning of T7 fliD into pGEM®T-Easy TGGGCAAAGGATATGTATAAAGTT 

AC62 Cloning of T7 fliD into pGEM®T-Easy GCATCAATTTCAAATAGCTCCA 

AC78 Cloning of CDC1 fliC into pMTL82151 by NotI 
digestion 

CCGAGCGGCCGCAGTAGAATAAGAG
ATATTTTACAAGGACAATTAT 

AC79 Cloning of CDC1 fliC into pMTL82151 by EcoRI 
digestion 

CCTTGAATTCCAAAATTATTTTATCC
TAATAATTGTAAAACTCC 

AC84 Cloning of 630Δerm fliC into pMTL82151 by NotI 
digestion 

GGGGGCGGCCGCTATACAACTTTAT
GATAGTATGGAGCTATTTGA 

AC85 Cloning of 630Δerm fliC into pMTL82151 by EcoRI 
digestion 

GCCAGAATTCCTAAATTTATTCTATC
CTAATAATTGTAAAACTCC 

AC86 Cloning of 630Δerm fliD into pMTL82151 by NotI 
digestion 

GGGGGCGGCCGCTTGCACTTTTAAAT
AAAGACTATTTAAAAG 

AC87 Cloning of 630Δerm fliD into pMTL82151 by NcoI 
digestion 

GGGGCCATGGTCTAACTTGTCCATAA
TTAATTACCTTGTG 

AC88 Confirmation of fliC-specific ClosTron integration CAAACAGCAGAAGGTTCGTT 

AC89 Confirmation of fliC-specific ClosTron integration TGTGCTCCTAATTTTGCTCTTG 

AC90 Confirmation of fliD-specific ClosTron integration CAAGAAAACAGACTGGTTCATCA 

AC91 Confirmation of fliD-specific ClosTron integration TTGCCTTCTTTTCCCACTTT 

AC95 FliC-HIS expression in pTrcHis2-TOPO® ATGAGAGTTAATACAAATGTAAGTG
CTTTG 

AC97 FliD-HIS expression in pTrcHis2-TOPO® ATGTCAAGTATAAGTCCTATAAGAGT
TACAGGT 



 

15 
 

AC101 FliC-HIS expression in pTrcHis2-TOPO® TCCTAATAATTGTAAAACTCCTTGTG
G 

AC102 FliD-HIS expression in pTrcHis2-TOPO® ATTACCCTGTGCTTGTGAGAAATAA 

AC112 Confirmation of BI-1 fliS2-specific ClosTron 
integration 

ATGGAAATTAAATTTAGCTGAATTAG
ATAAG 

AC113 Confirmation of BI-1 fliS2-specific ClosTron 
integration 

TATTTTTAGTTGATTGTAAACTTCAT
GC 

AC114 Confirmation of BI-1 fliS1-specific ClosTron 
integration 

ATGTATGGAGAAAATCCTTATAAATT
CTTAT 

AC115 Confirmation of BI-1 fliS1-specific ClosTron 
integration 

TTTGTACCTACTTCTTTCTTCTTTACT
TTT 

AC118 Confirmation of BI-1 sigD-specific ClosTron 
integration 

ATGAATAGAGAAGAATTAATAAAAG
AGAATATG 

AC119 Confirmation of BI-1 sigD-specific ClosTron 
integration 

TATAGAATATTTAAGTTCTTTTATCTT
GTTTCTT 

EBS EBS Universal Primer CGAAATTAGAAACTTGCGTTCAGTA
AAC 
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STRAINS USED IN THIS WORK 

Strain Description Parent 
AC1 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 motB for 

motB mutagenesis in BI-1 
E. coli DH10B 

AC2 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 fliD for 
fliD mutagenesis in BI-1 and CDC1 

E. coli DH10B 

AC3 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 fliC for 
fliC mutagenesis in BI-1 and CDC1 

E. coli DH10B 

AC4 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 fliD for 
fliD mutagenesis in 630Δerm 

E. coli DH10B 

AC5 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 fliC for 
fliD mutagenesis in 630Δerm 

E. coli DH10B 

AC8 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 gt1 for 
gt1 mutagenesis in BI-1 

E. coli DH10B 

AC9 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 gt2 for 
gt2 mutagenesis in BI-1 

E. coli DH10B 

AC10 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 gt3for 
gt3 mutagenesis in BI-1 

E. coli DH10B 

AC12 C. difficile BI-1 gt3 mutant C. difficile BI-1 

AC20 C. difficile BI-1 fliC mutant C. difficile BI-1 

AC24 C. difficile BI-8 fliC mutant C. difficile BI-8 

AC28 C. difficile BI-1 fliD mutant C. difficile BI-1 

AC32 C. difficile BI-8 fliD mutant C. difficile BI-8 

AC36 C. difficile CDC1 fliC mutant C. difficile CDC1 

AC40 C. difficile BI-1 motB mutant C. difficile BI-1 

AC48 C. difficile CDC1 fliD mutant C. difficile CDC1 

AC73 C. difficile BI-17 fliC mutant C. difficile BI-17 

AC95 C. difficile VPI10463 fliC mutant C. difficile VPI10463 

AC123 C. difficile T7 fliD mutant C. difficile T7 

AC127 C. difficile JIR8094 fliC mutant C. difficile JIR8094 

AC131 C. difficile JIR8094 fliD mutant C. difficile JIR8094 

AC139 C. difficile CF2 fliD mutant C. difficile CF2 

AC196 C. difficile BI-1 gt1 mutant C. difficile BI-1 

AC200 C. difficile BI-1 gt2 mutant C. difficile GT2 

AC207 C. difficile BI-1 fliC::erm complemented with pMLT82151 fliC C. difficile BI-1 

AC214 C. difficile JIR8094 fliC::erm complemented with pMLT82151 fliC C. difficile JIR8094 

AC216 C. difficile JIR8094 fliD::erm complemented with pMTL82151 fliD C. difficile JIR8094 

AC278 C. difficile BI-1 bearing the empty complementation vector 
pMTL82151 

C. difficile BI-1 

AC282 C. difficile BI-1 gt3::erm complemented with pMTL82151 gt3 C. difficile BI-1 

AC287 C. difficile BI-1 gt2::erm complemented with pMTL82151 gt2 C. difficile BI-1 

AC290 C. difficile T7 bearing the empty complementation vector pMTL82151 C. difficile T7 

AC304 C. difficile BI-1 fliC::erm cross-complemented with pMTL82151 fliC 
from 630Δerm 

C. difficile BI-1 
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AC310 C. difficile BI-1 fliC::erm bearing the empty complementation vector 
pMTL82151 

C. difficile BI-1 

AC334 C. difficile BI-1 gt1::erm complemented with pMTL82151 gt1 C. difficile BI-1 

AC399 C. difficile CDC1 bearing the empty complementation vector 
pMTL82151 

C. difficile CDC1 

AC402 C. difficile T7 fliC::erm complemented with pMTL82151fliC C. difficile T7 

AC405 C. difficile BI-1 fliD::erm bearing the empty complementation vector 
pMTL82151 

C. difficile BI-1 

AC408 C. difficile CDC1 fliC::erm bearing the empty complementation vector 
pMTL82151 

C. difficile CDC1 

AC411 C. difficile CDC1 fliC::erm complemented with pMTL82151 fliC C. difficile CDC1 

AC425 C. difficile R20291 fliC mutant C. difficile R20291 

AC458  C. difficile 630Δerm fliC mutant C. difficile 630Δerm 

AC460 C. difficile 630Δerm fliD mutant C. difficile 630Δerm 

AC473 C. difficile 630Δerm fliC::erm complemented with pMTL82151 fliC C. difficile 630Δerm 

AC484 C. difficile 630Δerm fliC::erm bearing the empty complementation 
vector pMTL82151 

C. difficile 630Δerm 

AC469 C. difficile 630Δerm bearing the empty complementation vector 
pMTL82151 

C. difficile 630Δerm 

AC562 C. difficile 630Δerm fliC::erm cross-complemented with pMTL82151 
fliC from BI-1 

C. difficile 630Δerm 

AC570 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 sigD for 
sigD mutagenesis in BI-1 

E. coli DH10B 

AC572 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 csrA for 
csrA mutagenesis in BI-1 

E. coli DH10B 

AC574 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 fliW for 
fliW mutagenesis in BI-1 

E. coli DH10B 

AC584 C. difficile BI-1 csrA mutant C. difficile BI-1 

AC586 C. difficile BI-1 fliW mutant C. difficile BI-1 

AC594 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 fliS1 for 
fliS1 mutagenesis in BI-1 

E. coli DH10B 

AC596 E. coli DH10B bearing the ClosTron plasmid pMTL007C-E5 fliS2 for 
fliS2 mutagenesis in BI-1 

E. coli DH10B 

AC598 C. difficile BI-1 sigD mutant C. difficile BI-1 

AC630 E. coli GC5 harboring the pTrcHis2-TOPO® fliC plasmid for FliC-HIS 
expression and purification 

E. coli GC5 

AC611 C. difficile BI-1 fliS1 mutant C. difficile BI-1 

AC615 C. difficile BI-1 fliS2 mutant C. difficile BI-1 

AC619 E. coli GC5 harboring the pTrcHis2-TOPO® fliD plasmid for FliD-HIS 
expression and purification 

E. coli GC5 
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ABSTRACT 
 

Clostridium difficile has emerged as the most common healthcare-associated infection 

responsible for an estimated annual cost of $6 billion to the US healthcare system.  

Disease is mediated through the action of two glucosylating toxins which manifests as a 

fulminant diarrhea.  Despite the severity of C. difficile infections, large gaps in 

knowledge, particularly pertaining to the molecular mechanisms of host colonization and 

induction of the innate immune response, have hampered the development of novel 

targeted therapies.  This work explores the molecular mechanisms used by C. difficile, in 

the context of the flagellar system, to colonize the host and interact with the resident 

immune system.  The flagellin (FliC) protein was shown to not only be a critical mediator 

of C. difficile motility, but also participates in regulating sporulation, biofilm formation, 

and the expression of toxin genes.  The FliC protein also robustly activated host 

inflammatory signaling through interaction with TLR5, demonstrating this molecule’s 

importance as a mediator of both bacterial and host responses to C. difficile infection.  

The flagellar capping protein (FliD) by contrast was found to have an important role 

mediating attachment to host tissues as well as to regulate and prevent the secretion of 

FliC into the extracellular environment.  Finally, a novel FliC-specific glycosylation 

system was characterized.  Through the addition of glycans, the reactivity of FliC with 

TLR5 was dampened, resulting in a weaker inflammatory response to infection.  Flagellin 

glycans were also found to be necessary for C. difficile flagellar assembly, and different 

strains exhibited significant variation in both the number and structure of glycan moieties 

attached.  The C. difficile flagellar system is a key mediator of bacterial motility, 

virulence, and host-pathogen interactions during infection with this enigmatic organism.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 

Organization of this dissertation.  This document describes three independent research 

projects centered on the flagellar system of Clostridium difficile.  Due to the non-

contiguous nature of the research questions addressed, and in an attempt to highlight 

larger themes, the organization of this document is atypical.  The first Chapter is designed 

to orient the reader to pertinent foundational information regarding both historical and 

modern themes in C. difficile biology, in addition to the clinical and epidemiological 

importance of the organism.  Chapters 2, 3, and 4 are each dedicated to individual 

research projects centered upon defined components of the C. difficile flagellar system.  

Each Chapter contains a topic-specific literature review, rationale for the studies 

performed, methodologies used, experimental data and their interpretation, and a 

summary of key findings.  The introduction to Chapter 2 also contains significant 

background information pertaining to the biological functions of the bacterial flagellum.  

This dissertation closes with a commentary that explores the overarching implications of, 

and future directions for this body of work.  

 

The clostridia and human disease 
 

Overview.  The genus Clostridium constitutes a heterogeneous group of anaerobic 

bacteria that are ubiquitously distributed in nature.  The clostridia fill important 

ecological niches as mediators of the degradation of organic matter in the environment, 

and possess a rich microbiological history.  The fields of anaerobic bacteriology and 

clostridial biology are heavily indebted to the work of Louis Pasteur.  Pasteur identified 
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the first anaerobic bacterium, Vibrion butyrique (subsequently reclassified as Clostridium 

butyricum and designated the type species of the genus Clostridium) in 1861 (202).  He 

would later discover the first anaerobic pathogen, Vibrion septique (Clostridium 

septicum) in 1877 (232).  Prazmowski named the genus Clostridium in 1880 (206), 

deriving its name from the German word closter, for spindle [Clostridium – a small 

spindle] (213).  By the time of Pasteur’s death in 1895, a majority of the toxigenic 

clostridia (with the notable exceptions of C. botulinum which was described one year 

posthumously in 1896, Clostridium sordellii, Clostridium histolyticum, and C. difficile) 

and even some clostridial toxins had been identified (232). 

The clostridia are taxonomically positioned within the phylum Firmicutes, which 

is composed of three Classes: Bacilli, Clostridia, and Erysipelothrichia (273).  The genus 

Clostridium is classified within the Class Clostridia, Order Clostridiales, and Family 

Clostridiaceae.  Prazmowski established the genus Clostridium to primarily differentiate 

between spore-forming and curved rod shaped bacteria.  However, members of the genus 

Bacillus and other aerobic, spore-forming bacteria were classified provisionally as 

clostridia, and vise versa.  Taxonomic differentiation between the genus Bacillus and the 

genus Clostridium (subsequently defined as anaerobic, spore-forming rods) was 

established in 1922 (202), and resulted in the subsequent reannotation of many species 

names to reflect this designation, including Clostridium difficile. 

The clostridia as a group of bacteria are sometimes colloquially referred to as 

“ancient” organisms, as members the genus exhibit a number of phenotypic traits which 

are believed to be common among the earliest evolved bacteria.  These traits include a 

Gram-positive cell wall, rod shaped cellular morphology, the ability to produce 
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endospores (69) by most species, and low %GC nucleic acid content.  Consistent with 

this notion, the clostridia are believed to have diverged from a common bacterial domain 

2.34 billion years ago, correlating with geological decreases in concentrations of 

atmospheric oxygen (234).  This preceded the divergence of other major bacterial taxa, 

including the Escherichia, Campylobacter, and Helicobacter groups (136). 

 

Phylogenetic taxonomy of the clostridia.  Members of the genus Clostridium are, by 

definition, Gram-positive, rod-shaped, anaerobic, spore-forming bacteria (202).  Despite 

encompassing over 200 validated species (273), a single coherent taxon is not able to be 

realized within the genus (165).  Consistent with a composition of phenotypically diverse 

bacteria, clostridial taxonomy is exceedingly complex and has historically undergone 

significant revision due low levels of genetic uniformity among members of the genus.  

Recognizing problems with classical phenotypic classification of clostridial species, 

Collins et al. used 16S ribosomal DNA (rDNA) sequencing to reorganize the clostridia 

into 19 distinct clusters (I-XIX) (51).  C. difficile is classified within the radiation of 

cluster XI (51, 165).  Bacterial species comprising cluster XI are phenotypically 

heterogeneous, and include non-spore forming members of the genera 

Peptrostreptococcus sp. and Eubacterium sp. in addition to other clostridia.  Despite 

variations in the nomenclature of associated genera, members in the radiation of cluster 

XI are phylogenetically unified by strong similarity of 16S rDNA sequence (51).  

 

Unifying traits of clostridial pathogenesis.  A vast majority of clostridial species are not 

pathogens of either humans or animals.  These organisms instead inhabit diverse 
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environmental niches, often playing central roles in the degradation of organic 

compounds (204).  Of the over 200 validated species of the genus Clostridium, only 15 

are recognized as pathogens.  However, despite comprising a significant minority within 

the genus, infections caused by clostridial pathogens are extraordinarily significant from 

a clinical perspective.  Unifying pathogenic traits have been identified among these 

species.  Pathogenic clostridia are strictly extracellular organisms that do not invade nor 

replicate within host cells.  Host infection is established through two defined modes: 

either orally or through wounds (201).  Importantly, infection also requires the presence 

of risk or precipitating factors, including an altered microbiota, ileus, immunosuppression 

or malignancy in the context of enteric disease, and necrotic or poorly oxygenated tissue 

in the context of cutaneous infection (201). 

Once a clostridial infection is established within the host, disease is mediated by 

the production of some of the most potent exotoxins ever identified.  The clostridia also 

produce the largest number of toxins attributable to any genus, accounting for 

approximately 20% of identified bacterial toxins to date (203, 204).  It has been 

hypothesized that exotoxins of pathogenic clostridia evolved from enzymes used to 

scavenge nutrients from the breakdown of complex environmental compounds.  Most 

clostridial toxins are pore forming toxins which lyse host cells through destabilization of 

cellular membranes.  Some also act upon the cell surface, degrading target cell surface 

proteins.  Three clostridial toxin types can enter host cells: neurotoxins, binary toxins, 

and large clostridial glucosylating toxins (LCGTs) (203).   

LCGTs are produced by select species including: Clostridium novyi, Clostridium 

sordelli, Clostridium perfringens, and C. difficile including toxin A (TcdA) and toxin B 
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(TcdB).  LCGTs are pore-forming toxins that range in size from 191-307 kDa, and share 

a common modular organization (89).  The activities of LCGTs induce dramatic, often 

lethal changes in the physiology and morphology of their cellular targets.  Importantly, 

not all high molecular weight toxins produced by clostridia are LCGTs.  Large toxins not 

classified as LCGTs due to the lack of modular architecture or glucosylating activity are 

produced by medically important clostridial species including C. tetani and C. botulinum.  

With the notable exception of botulinum toxin, which can accumulate in foods causing 

intoxication upon ingestion, the establishment of an active clostridial infection within a 

susceptible host is a requirement for disease (273). 

Pathogenic clostridia are clinically classified with respect to the types of diseases 

which they cause.  Neurotoxic clostridia, including C. botulinum and C. tetani, affect the 

central nervous systems resulting in paralysis.  Histotoxic clostridia, including C. 

perfringens, C. septicum, and a number of additional clostridial species, secrete exotoxins 

which cause myonecrosis and destruction of host tissues.  Enterotoxic clostridial species, 

including C. perfringens and C. difficile, influence the integrity of the epithelial lining of 

the host gastrointestinal tract, resulting in diarrheic disease sometimes complicated by 

recurrence or progression to more severe sequelae (165, 273).  

 

Clostridium difficile: A host-adapted, anaerobic gastrointestinal pathogen 
 

Overview.  Clostridium difficile is a formidable human pathogen of extreme clinical 

significance.  Alarming increases in the morbidity and mortality associated with C. 

difficile infection (CDI), the propensity for CDI recurrence, and the high financial burden 

imposed by CDI on both domestic and foreign healthcare systems has caused C. difficile 
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to be classified as an “urgent treat to public safety” by the US Centers for Disease 

Control and Prevention (207).  C. difficile was first isolated from healthy, asymptomatic 

newborns as a component of their intestinal microflora (100), suggestive of an 

evolutionary relationship between bacterium and host.  Despite the apparent lack of 

symptomology among infants, it was initially noted that organism was highly pathogenic 

in animal models, and produced a potent toxin which caused significant pathology when 

inoculated into guinea pigs and rabbits (100, 242).  The association between C. difficile 

and healthy neonates was confounding, preventing it from being recognized as a human 

pathogen until 1962 (239), when it was initially described as an infrequent cause of 

human disease.  Almost two decades later, following the routine use of broad-spectrum 

antibiotics in the hospital and community settings, C. difficile was identified as the 

etiological agent of antibiotic-associated diarrhea (AAD) and pseudomembranous colitis 

(PMC) (22, 91). 

 

Discovery and historical perspectives.  Compared to other clostridia, the discovery of 

C. difficile as both a novel clostridial species and a significant human pathogen occurred 

relatively recently.  C. difficile was first isolated and characterized in 1935 by Hall and 

O’Toole as part of a study examining the fecal microflora of healthy newborn infants 

(100).  The organism was initially named Bacillus difficilis, due to the technical difficulty 

encountered when isolating and manipulating the bacterium.  Reclassification of the 

organism into the genus Clostridium as C. difficile is attributed to Prevot in 1938 (208),  

but the organism was often still referred to as B. difficilis in the scientific literature until 

as late as 1940 (243). 



 

25 
 

Phenotypically, C. difficile was described as being a slow growing, motile, strictly 

anaerobic rod-shaped bacterium that produced sub-terminal spores, and formed non-

hemolytic colonies on blood agar.  However, a lack any striking biochemical properties 

made cursory identification difficult in the context of human stool.  Interestingly, despite 

being isolated from asymptomatic neonates, bacteriological evaluation determined the 

organism caused significant cutaneous pathogenicity when either cultures or culture 

supernatants were injected into in guinea pig and rabbit models (100, 242).  These initial 

observations were critical, as it implied that either a toxin or some unidentified, diffusible 

component of the C. difficile cell was responsible for the lesions observed in vivo.  While 

it would take decades to fully appreciate, these and subsequent experiments by Snyder 

(242) represented the initial identification and characterization of the toxigenic activity of 

C. difficile now known to be mediated by the LCGTs TcdA and TcdB.   

 

Early investigations of C. difficile biology.  Following the initial descriptive studies of 

Hall and O’Toole, Snyder determined that while isolates (both those used by Hall and 

O’Toole and novel strains isolated during his investigations) were bacteriologically 

similar, they exhibited varied degrees of pathogenicity when tested in vivo (242).  This 

finding is widely appreciated today, as toxigenic strains of C. difficile exhibit variant 

levels of pathogenicity in human hosts, ranging from asymptomatic colonization to 

fulminant disease.   

Beyond bacteriological characterization, Snyder was the first to perform 

immunization studies with C. difficile, and also undertook the first characterization of the 

physical properties of C. difficile toxins.  Snyder described the production of an exotoxin 
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in vitro, and determined the compound could be inactivated following prolonged 

incubation at 60°C, indicative of its proteinaceous nature (242).  Histological analysis 

revealed that intraperitoneal injection of mice with C. difficile culture supernatants caused 

severe pathological lesions, comparable to that caused by exposure to botulinum toxin 

(20, 242).  Thus, the seminal experiments by Snyder were highly suggestive of a secreted 

protein produced by C. difficile which was capable of causing significant pathology in 

animal models, but not in healthy human neonates.  Snyder noted in a subsequent 

investigation that it was puzzling the organism was not identified sooner due to the high 

prevalence of C. difficile among infants (243).  Despite this fact, C. difficile was not 

identified as a component of the adult intestinal flora in Snyder’s investigations (243), 

consistent with the modern notion of transient, asymptomatic colonization of neonatal 

populations with C. difficile. 

Despite the identification of a putative toxic compound, and differential 

gastrointestinal carriage among neonates and adults, C. difficile was not mentioned in the 

scientific literature following Snyder’s pioneering work for nearly 25 years.  In 1962, 

Smith and King coauthored the first report of C. difficile as an opportunistic cause of 

human infections (239).  Clinical cases summarized by Smith and King identified C. 

difficile as an incidental finding in the context of abscess, sepsis, or gas gangrene.  

However, the organism was not associated with any primary gastrointestinal disease 

syndrome.  Therefore, while C. difficile was known to be able to colonize adult humans, 

evidence was still lacking to support its role as a human pathogen outside the context of 

opportunistic infections (239).  Following the report of Smith and King, it would take 
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over a decade to definitively establish the biological link between CDI, antibiotic use, 

and the development of clinical colitis. 

 

Investigations of the infectious cause of pseudomembranous colitis.  

Pseudomembranous colitis (PMC) is a severe disease syndrome characterized by the 

development of nodules or plaques on the mucosal surface of the colon.  Such lesions are 

often accompanied by localized necrosis (82), evidence of inflammatory infiltrate, and 

the formation of intestinal pseudomembranes.  PMC plaques are composed of fibrin, 

mucin, epithelial and inflammatory cells, and intestinal bacteria.  These lesions are 

sometimes attached by a stalk to the underlying intestinal mucosa (21).   

PMC is a specific complication of antibiotic-associated colitis (AAC), which can 

develop during a course of, or in the period following antibiotic therapy.  Due to a strong 

association with lincosamide use during the 1950s and 1960s, AAC became commonly 

referred to as “clindamycin-associated colitis” (165), despite other antibiotic classes 

which were linked with AAC.  Due to its association with antibiotic intervention, the 

etiological agents of AAC were believed to be bacterial in origin, but specific causative 

species were unknown.  

As a disease syndrome, PMC was first reported in 1893 as “diphtheritic colitis”, a 

fatal complication of gastric surgery (85).  Although the seminal report of PMC predates 

both the discovery of antibiotics and their use as therapeutic agents, clinical management 

of the subject in this case included repeated alcohol enemas which could significantly 

alter the composition of the intestinal microflora (252), sensitizing the patient to 

gastrointestinal infection.  The first association between PMC and antibiotics was 
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established during the early 1950s (217), when antibiotic use significantly increased as 

new classes of antibiotics were newly available for clinical use.  Prior to the widespread 

use of antibiotics in hospitals, the incidence of PMC was infrequent (21). 

 

An association between C. difficile and infectious colitis.  The search for the infectious 

etiology of AAC was unfolding simultaneously as investigations into the etiology of 

PMC.  Prior to the early 1970s, AAC remained an undefined diarrheic syndrome 

observed primarily following the use of clindamycin (263).  It is important to note that 

AAC was not restricted to humans, as similar symptomology had been reported in 

animals treated with antibiotics.  In the late 1960s, a lincomycin-treated hamster model 

was developed to interrogate the relationship between antibiotic use and the development 

of colitis in vivo (214, 237).  Pathological lesions from the intestines of these animals 

were reminiscent of those observed in human PMC cases, and in veterinary AAC cases 

(92, 237).  From this point on, antibiotic-treated rodent models became a mainstay for the 

laboratory-based evaluation of AAC and PMC (41).   

As broad-spectrum antibiotic use became more frequent, AAC was increasingly 

observed as complication of antibiotic therapy (92).  Importantly, changes in the bacterial 

composition of the fecal microbiota were identified in early studies of AAC patients as a 

side-effect of antimicrobial intervention.  In 1974, Sutter and Finegold reported the 

increased prevalence of multiple anaerobic bacterial species in AAC patient stools, 

including C. difficile (253), but the identification of a specific bacterial etiology 

associated with the development of colitis was not possible (21).  Patient management 

included monitoring those undergoing, or who had recently completed a course of 
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antibiotics for the development of diarrhea or colitis of unknown etiology.  AAC 

diagnosis was usually made through endoscopy, with favorable prognosis following the 

administration of supportive therapy and the cessation of antibiotic administration (262). 

While the composition of the intestinal microbiota was altered in AAC patients, 

so too was the bacteriological composition of stools from antibiotic-treated animal 

models.  A seminal 1974 study by Green et al. reported a cytopathic effect (CPE) caused 

by stool filtrates and intestinal tissues of guinea pigs treated with penicillin.  Unable to 

establish the presence of an ongoing bacterial infection, the observed CPE was attributed 

to an unidentified viral pathogen (20, 96).  Bartlett would subsequently demonstrate 

protection against clindamycin-induced colitis in the hamster model when animals were 

prophylactically treated with vancomycin (23), consistent with a bacterial etiology for 

AAC.  While unable to definitively determine the origin of the observed CPE, Green and 

colleagues demonstrated the presence of a cytotoxic compound in the intestinal tract that 

was associated with antibiotic treatment.  This was the first in a series of studies which 

would ultimately lead to the identification of C. difficile as the cause of both PMC and 

AAC. 

 

Characterization of the toxic element of C. difficile.  The biological nature, origin and 

identity of the toxic compound associated with AAC and PMC continued to be an area of 

intense research throughout the late 1970’s.  Three years after the study by Green and 

colleagues (96), Larson et. al. reported the presence of a toxin in the stool of PMC 

patients which caused uniform and reproducible CPE in cultured cell models (147).  This 

report directly challenged the viral etiology of AAC proposed by Green and colleagues 
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(96), and instead suggested the presence of a toxin.  The toxin was only found in 

symptomatic PMC patient stools, and disappeared from stool filtrates upon the resolution 

of PMC symptomatology (147).  A subsequent study by Rifkind et. al. suggested the role 

of a bacterial toxin in the etiology of PMC, but determined that C. sordellii was the 

etiological agent based upon serological neutralization studies using C. sordellii antitoxin 

(219).   

Expansion upon the work of Rifkind and colleagues, again by Larson et. al. 

revealed the presence of an unidentified toxic compound in stool from both PMC and 

AAC patients that could be neutralized with C. sordellii antitoxin (148).  However, C. 

sordellii was not able to be recovered from any sample from which the toxin was 

identified, casting doubt on its proposed role as the etiological agent of AAC and PMC.  

Heat treatment of stool filtrates resulted in only mild pathological change following 

intradermal injection into a guinea pig model, suggestive of the heat-labile nature of the 

newly identified toxic compound (148).  Retrospectively, these findings were consistent 

with the observations made almost 40 years previous by Snyder in 1937 (242).  

In a 1977 study using clindamycin-treated hamsters, Bartlett observed a 

reproducible typhlitis (also referred to as cecitis, or cecal inflammation) in symptomatic 

animals, and recovered an unidentifiable clostridial species from their stools and 

intestines.  Importantly, Bartlett and colleagues also demonstrated a diffusible toxin 

produced by this unknown clostridial species was responsible for AAC pathology, and 

that this toxin could be neutralized with Clostridium sordelli toxin antiserum (24, 214).  

Unfortunately, the clostridial species was not identified before the study went to press 
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due to problems with culture contamination and pressure from a competing research 

group (20). 

 

Identification of C. difficile as the etiological agent of antibiotic-associated colitis.  The 

1978 discovery of the etiological role C. difficile in PMC by Bartlett et. al. (22, 24) was 

supported by the work of a number of independent groups spanning decades. As 

summarized by Bartlett (20): “at the time there was no way to knowing that the organism 

which produced the cytotoxin discovered by Green (96) caused the complications so 

elegantly described in the studies of Tedesco et. al.” (263).  Prior to his discovery of C. 

difficile as the etiological agent of PMC, Bartlett had firsthand experience with the 

complications of AAC caused by clindamycin administration to patients as a clinician.  

Because of this experience, Bartlett decided to pursue studies using an animal model to 

avoid the tedious and cumbersome process of identifying the causative bacterium from 

human stool culture (20), a method which had been exhaustively pursued in a number of 

previously unsuccessful investigations (21).   

 In 1978, the etiological link between C. difficile and PMC was reported in no less 

than four independent publications over the span of three months.  In the seminal study 

by Bartlett in March, prospectively isolated stools from patients who developed AAC or 

PMC as a complication of clindamycin therapy were screened for the presence of the 

previously identified toxin by cytotoxicity assay (22, 214).  CPE-positive stools with a 

high toxin titer as determined by dilution screening were directly injected into the ceca of 

hamsters which resulted in enterocolitis.  Pre-incubation of two such stools with C. 

sordellii antitoxin prevented disease symptomology, whereas normal equine serum was 
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not protective, linking Bartlett’s work with that of Larson and Rifkind.  Importantly, 

bacterial culture recovered the previously unknown clostridial species, now identified as 

C. difficile, almost uniformly from all stools which caused disease, and positively 

identified the bacterium as the etiological cause of both PMC and AAC (22).    

Simultaneously undertaking a bacteriological approach, George et. al. selectively 

cultured clostridial species from PMC and postoperative colitis patients, and uniformly 

identified the presence of C. difficile among all symptomatic patients.  C. difficile 

produced a toxin that caused similar cytopathic effects (CPEs) on HeLa monolayers as 

colitis patient stool filtrates (91).  Importantly, the high levels of toxin found in PMC 

patient stool could be neutralized with C. sordelli antitoxin (91), unifying these findings 

with the findings of Bartlett (24).   

A clinical report by the following month identified C. difficile in the stool of an 

81-year old man as the etiological PMC following clindamycin therapy for treatment of 

pneumonia (90).  The authors concluded that the serological cross-reactivity observed 

between C. sordellii antitoxin and PMC patient stool was due to neutralization of C. 

difficile toxin, and disease was caused by overgrowth of C. difficile.  This group would 

also speculate that C. difficile was part of the normal human intestinal microbiota (90).  

This hypothesis was not in agreement with the initial findings of both Snyder (242) and 

Hall and O’Toole (100), and would be almost immediately challenged. 

Finally in May 1978, Larson et. al. recovered toxigenic C. difficile from five PMC 

patients, and satisfied Koch’s postulates using vancomycin-treated hamsters with two of 

the isolated strains (149).  Importantly, the authors were unsuccessful when attempting to 

recover C. difficile from healthy adults.  Toxigenic strains were recovered from five of 



 

33 
 

eight neonates, further demonstrating C. difficile was not part of the normal intestinal 

flora of adults as proposed by George et al. (90, 149).  Instead, C. difficile was suggested 

to be carried in the gastrointestinal tracts of neonates in high prevalence, consistent with 

the seminal observations of Hall and O’Toole in 1935 (100).   

Later that same year, the efficacy of vancomycin for the treatment of PMC and 

postoperative diarrhea was demonstrated, with corresponding clearance of C. difficile 

from the gastrointestinal tracts of symptomatic patients (133).  These findings were 

consistent with Bartlett’s previous observations of colitis protection in vancomycin-

treated hamsters from the previous year (23).  Vancomycin has since remained a 

mainstay of treatment for patients with symptomatic and recurrent C. difficile infections 

(CDIs). 

 

The Clostridium difficile genome 
 

Overview.  The first sequenced C. difficile genome was that of strain 630 (ribotype 012) 

in 2006 (231).  This non-outbreak associated C. difficile (non-OA-CD) was isolated from 

a PMC patient at Zurich hospital in 1982.  Since that time, a number of additional C. 

difficile genomes have been sequenced and annotated, including both historical and 

recent outbreak strains.  The strain 630 genome has a low GC content (29.06%), and is 

4.3Mb in size (136).  A single plasmid was also identified in this strain during 

sequencing.  The strain 630 genome exhibits a low level of conservation and is 

significantly larger in size compared to other clostridia, which may be indicative of the 

organism’s ability to thrive in diverse environments and colonize a broad host range (127, 

136).  Variations in genome size can also be attributed to the acquisition of mobile 
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genetic elements, which is purported to account for approximately 11% of the total strain 

630 genomic content (177, 231).   

Whole genome sequencing (WGS) has established the C. difficile genomic 

architecture (including the demarcation of homologous and unique regions among 

different strains), facilitated the evaluation of horizontal gene transfer, and has been used 

to characterize evolutionary relationships among different phylogenetic lineages.  A vast 

majority of C. difficile strain typing and diagnostic applications are also rooted in 

genomic sequence analysis, making WGS data an indispensable tool for epidemiological 

evaluation of circulating strains.  Despite this, a majority of comparative studies have 

focused on a limited number of so-called outbreak-associated C. difficile (OA-CD) strains 

which are frequently associated with human disease.  One example of such strains 

include members of the BI/027/NAP1 lineage (127) which have been responsible for a 

number of highly publicized international outbreaks.   

 

Genomic conservation.  The average genome size of C. difficile ranges from 4.4-4.9 Mb, 

consisting of 80-85% coding sequences (204).  C. difficile possesses an “open” genome 

(137), indicative of significant plasticity and frequent genetic exchange among 

circulating strains.  Attempts to define the pan-genome and core-genome of C. difficile 

are therefore challenging.  One estimate suggests the core-genome size of C. difficile 

strain 630 is between 947-1,033 coding sequences, accounting for a mere 23-26% of the 

total genome (228).  In contrast, the pan-genome of C. difficile has been estimated to 

include 9,640 coding sequences (228), illustrative of a high level of genetic exchange. 



 

35 
 

Conserved genes among sequenced strains include those involved in 

housekeeping functions, which are generally not located in regions that are horizontally-

acquired (127).  This suggests the presence of modular regions of the C. difficile 

chromosome, composed of essential genes, which remain invariant among different 

phylogenetic lineages. Conversely, non-conserved genes have been found distributed 

throughout the C. difficile chromosome, but at higher levels in regions known to be 

horizontally-acquired (127).  Such high levels of genomic diversity among different 

strains threaten the current unified definition of C. difficile as a species (137).   

 

The C. difficile pathogenicity locus.  Toxins are the predominant virulence factors 

produced by the clostridia.  Approximately 20% of all identified bacterial toxins are of 

clostridial origin (204).  Of the functionally-defined regions of the C. difficile genome, 

the pathogenicity locus (PaLoc) has historically received the most attention.  The PaLoc 

harbors the genes encoding the two C. difficile LCGTs, tcdA and tcdB, in addition to 

genes encoding regulators of their expression.  This is in direct contrast to other 

clostridial pathogens, including C. perfringens, which diversifies toxin gene carriage 

through the acquisition and transmission of plasmids (204).  Strains harboring either tcdA 

and/or tcdB are referred to as toxigenic strains.  Non-toxigenic strains are generally 

considered avirulent, with the exception of exceedingly rare reports of tcdA/tcdB-

negative, binary toxin-positive strains isolated from symptomatic patients (4, 73, 93). 

The C. difficile PaLoc is canonically comprised of five genes, and spans 

approximately 19.6Kb in length.  Encoded in the PaLoc are tcdA and tcdB, encoding 

toxin A and toxin B respectively, and are requisite for symptomatic CDI.  Both genes are 
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comparable in size, and exhibit a high degree of amino acid similarity and substrate 

specificity (282).  The C. difficile toxin genes also contain similar repetitive elements 

toward their 3’ ends (204), suggesting they may have arisen from an ancient gene 

duplication event.  The C. difficile toxins also exhibit high levels of similarity to other 

clostridial toxins, including the cytotoxin TscL and the enterotoxin TscH from C. 

sordellii (282), potentially explaining their serological cross-reactivity with C. sordellii 

antiserum in historical investigations.   

C. difficile clinical isolates are often colloquially referred to by their respective 

toxin phenotypes.  Strains producing both TcdA and TcdB are sometimes called “toxin 

A-positive, toxin B-positive” isolates, whereas strains that produce no toxins are referred 

to as “non-toxigenic”.  The first well-characterized “toxin-variant” strains, or “toxin A-

negative, toxin B-positive” strains, do not express toxin A due to tcdA truncation or a 

nonsense mutation within the coding sequence (27).  These strains, while not producing 

toxin A, remain fully virulent and have been responsible for recent CDI outbreaks.   

The existence of so-called “toxin A-positive, toxin B-negative” strains has only 

recently been confirmed in the scientific literature (49).  Previous reports of such strains 

were often hampered by variant tcdB sequences which would not amplify under standard 

PCR conditions (222), leading to false-negative results.  Recently, a novel C. difficile 

toxin variant strain was isolated from a symptomatic CDI patient and confirmed by WGS 

to contain both tcdA and tcdR.  This strain also lacked the remaining genes of PaLoc, 

making this the first WGS-confirmed toxin A-positive, toxin B-negative strain of C. 

difficile identified (174).  While this toxin phenotype has only been reported in a single 
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instance, as more strains become fully sequenced it remains a possibility that these 

isolates may comprise a more significant proportion the clonal population. 

The remaining PaLoc genes have both defined and controversial roles in the 

regulation of tcdA and tcdB expression.  The PaLoc gene tcdR, encoding a positive 

regulator of toxin gene expression, shares sequence similarity to both botR and tetR, 

positive regulators of C. botulinum and C. tetani toxin expression, respectively (204).  

TcdR, BotR/A, and TetR are alternative sigma factors (212), and are evolutionarily 

related.   

A fourth gene, tcdC, encodes a putative antagonist of C. difficile toxin gene 

expression, but its regulatory role has recently been challenged (14).  Variant tcdC alleles 

have been identified among different strains of C. difficile, often harboring nonsense 

mutations that lead to TcdC truncations and loss of function (53, 245).  These variant 

alleles were hypothesized to contribute to alterations in relative toxin expression levels 

among different strains, but mounting evidence to the contrary has called this idea into 

question (14).   

Finally, the PaLoc also contains tcdE, which encodes a putative holin similar to 

those encoded in bacteriophage genomes.  While a uniform mechanism of C. difficile 

toxin secretion has not yet been established, the TcdE holin is proposed to be required for 

toxin release from the vegetative cell (65, 95).  This putative mechanism of TcdE-

mediated toxin release remains highly controversial and largely unsubstantiated due to a 

lack of experimental evidence. 

 Despite a conserved chromosomal location, significant variations in gene 

sequence, length and carriage within PaLoc regions of different C. difficile isolates have 
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been exploited for strain typing (223).  Deletions in tcdA, point mutations in tcdB, 

truncations of tcdC, and the presence of a recently identified insertion element are the 

most common causes of PaLoc variability (204).  We are only beginning to appreciate the 

complexity and heterogeneity of the PaLoc among different C. difficile strains, and those 

containing novel variants of the PaLoc continue to be identified (174). 

 Among non-toxigenic C. difficile strains, the “integration site” is a highly 

conserved region spanning 115 base pairs in length, and is found in place of the PaLoc 

(30, 73).  This region contains no evidence of horizontal transfer other than a single direct 

repeat sequence.  In toxigenic strains, the integration site is interrupted by the PaLoc.  

Sequence analysis of this region among non-toxigenic C. difficile isolates has identified 

evidence of microevolution at this locus (221), including the incorporation of non-PaLoc 

insertions (65, 73).  It is tempting to therefore speculate that the PaLoc was acquired prior 

to the evolutionary establishment of the clonal population structure observed in C. 

difficile (65), and that non-toxigenic strains represent lineages which have lost the 

element over evolutionary time.  However, non-toxigenic strains can be found among all 

clades within the C. difficile clonal population, including those predominated by 

toxigenic lineages, and in some cases even comprise the same sequence type as toxigenic 

isolates (65).   

The evolutionary history of the C. difficile PacLoc is therefore very complicated, 

and a unified model for its acquisition, stabilization, and loss has not yet been 

established.  Recent evidence suggests that phylogenetic distribution of the PaLoc is 

consistent with clade-specific acquisitions of the region following the establishment of 

the clonal population structure of C. difficile (65).  Data from large-scale WGS studies 
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suggests the existence of an ancient, non-toxigenic C. difficile ancestor which acquired 

and lost the PaLoc at different points over evolutionary time, possibly through non-

uniform homologous recombination events (65).  As the number of fully sequenced C. 

difficile strains continues to increase, we are likely to identify additional novel PaLoc 

variants which will expand our understanding of the evolutionary history of both this 

locus and of C. difficile. 

 

Laboratory evaluation of clinical Clostridium difficile isolates 
 

Overview.  Modern determinative methods for C. difficile identification are more refined 

and represent a departure from classical culture-based methodologies.  Rapid, 

streamlined, and in some cases multiplexed molecular strategies are currently the 

methods of choice for the clinical identification of C. difficile.  Accompanying these 

changes is the necessity for epidemiological information pertaining to strain evolution 

and geographic spread, particularly in the setting of an outbreak.  This section will outline 

the current methods used for the laboratory evaluation of C. difficile isolates and survey 

molecular epidemiological approaches used for strain typing.    

 

Determinative assays for C. difficile identification.  C. difficile is currently the leading 

cause of healthcare-acquired infections in the US, and is of significant public health 

concern.  Clinical diagnosis of CDI is accomplished using a variety of diagnostic tools, 

ranging from serological detection of C. difficile toxins to molecular detection of 

organism-specific genetic sequences by PCR.  The first C. difficile identification methods 

were reliant upon stool culture for the isolation and identification the organism, but are 
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no longer routinely used by modern clinical laboratories (264).  Culture-based strategies 

do remain essential reference methods, but are too time consuming to be used as 

diagnostic tools in clinical situations (33, 48).   

Modern determinative assays for CDI can be broadly divided into two categories: 

those which directly recover and identify C. difficile from clinical specimens, and those 

which identify a specific component of the organism (i.e. toxins, proteins, genes, etc.) 

implicating C. difficile presence indirectly.  Assays centered on toxin detection are more 

specific to active CDI, whereas tests which detect a bacterial component (including toxin 

genes) may be more indicative of C. difficile colonization rather than active disease (198, 

241).   

 

Molecular epidemiology and strain typing of C. difficile isolates.  In addition to 

determinative analysis, studies investigating the epidemiology of C. difficile are 

invaluable for broadening our understanding of this pathogen.  Molecular data is vital 

when evaluating the dynamics and spatial-temporal patterns of C. difficile dissemination 

among a population (135), and enables the rapid identification of outbreak situations.  

Modern strain typing methods are also critical for the identification of emergent C. 

difficile lineages (130), the determination of clinical factors involved in disease 

transmission (143), and the characterization of transmission dynamics (128).   

Early approaches to C. difficile strain classification were centered upon the 

identification of phenotypic characteristics, including the expression of specific proteins 

and exhibition of specific behaviors in culture.  Polyacrylamide gel electrophoresis 

(PAGE) patterns of prepared proteins were historically used to supplement serological 
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agglutination-based typing schemes, providing a visual representation of protein 

expression profiles among isolated C. difficile strains (256, 270).  Antibiotic resistance 

profiles were also useful when examining strain relationships in the absence of molecular 

data, as they would be routinely derived as part of a determinative algorithm in the 

clinical laboratory (60).  Serological classification schemes were a mainstay of bacterial 

typing in the pre-molecular era.  The C. difficile serotyping classification scheme was 

based upon serum reactivity with both surface layer proteins (SLPs) (205) and flagellar 

proteins (62).    

 In addition to phenotypic methods, the analysis of DNA sequences was also 

utilized in early studies to verify serological and PAGE analysis (270).  Restriction  

enzyme digestion analysis of C. difficile plasmids (160) was the first genotypic method 

applied to C. difficile (5, 143) and was successfully used to track strain transmission in a 

clinical outbreak (47).  However, serological analyses were found to be more uniformly 

applicable in the clinical setting (46).  Plasmid profiling was ultimately unsuccessful as a 

typing scheme due to the non-uniform carriage and plasmid instability among circulating 

C. difficile strains (31).    

The improvement of molecular tools aided the emergence of novel genotypic 

approaches for C. difficile typing.  DNA sequencing was of immediate use, allowing 

epidemiological stratification to be dictated by the sequence of a chosen gene.  

Importantly, this stratification was independent of restriction analysis and phenotypic 

variability due to changes in gene expression.  The development of PCR and its adaption 

into clinical algorithms allowed investigators to amplify, detect, and sequence targets 

encoded in the genome which may otherwise be below the limit of detection of other 
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diagnostic methods.  PCR was also a rapid and robust method to evaluate the molecular 

architecture of specific genomic regions as electrophoretic banding patterns, allowing the 

genome of C. difficile to be queried in ways not previously possible.  

 Currently, the most widely used genotypic assays for epidemiological 

classification of C. difficile fall into two broad categories: DNA band-based methods, and 

sequencing-based methods (135).  DNA-band based methods include: ribotyping, 

toxinotyping, pulsed field gel electrophoresis (PFGE), and analysis of restriction 

fragment length fragment polymorphisms (RFLP).  These methods are centered on the 

analysis of the size of DNA bands either amplified by PCR, or generated via digestion 

and electrophoretic separation of a DNA target.  Detection and visualization of DNA 

bands is achieved by either ethidium bromide (EtBr) staining, or blotting using labeled 

probes.   

By contrast, sequencing-based approaches including multilocus sequence typing 

(MLST), multilocus variable number tandem repeat analysis (MLVA), and WGS utilize 

DNA sequencing to delineate relationships between strains based on nucleotide 

conservation and single nucleotide polymorphisms (SNPs).  Currently, PCR 

amplification-based methods for C. difficile classification have superseded methods based 

solely on analysis of genomic DNA (143).  Despite multiple options, only ribotyping is 

accepted worldwide as a common standard, and therefore referenced heavily in this work.  

WGS is also briefly addressed due to its importance in robustly evaluating CDI 

transmission dynamics. 
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Ribotyping.  C. difficile ribotyping is the most frequently utilized method for typing of C. 

difficile isolates in European countries (135) and Australia (111).  First reported in 1993 

(98), the method makes use of the variable spacing between the 16S and 23S rDNA 

genes, known as intergenic spacer regions (ISRs), in the C. difficile chromosome.  

Differences in sizes of C. difficile ISRs have been attributed to both the number and 

composition direct repeat sequences present, and the carriage of a tRNAala gene (122).  

The region appears to be actively evolving via numerous recombination events which 

have been tracked among different C. difficile ribotypes (126).   

The difference in ISR size, combined with variation in the number of 16S and 23S 

rDNA genes within a given C. difficile genome result in amplicons of varying sizes when 

assayed using PCR primers against the rDNA genes (128, 135).  The separation of these 

amplicons by gel electrophoresis results in a specific banding pattern, denoting a ribotype 

(RT).  These patterns can be compared visually, or with the aid of computer software.  

The central repository for C. difficile ribotyping data has recently relocated to Leeds 

General Infirmary in the UK, which contains >800 unique entries (50).  Once identified, 

RTs are reported as a three figured number (i.e. 027) in accordance with conventional 

nomenclature.  In some instances, a prefix designating geographical location (i.e. UK 

001) or analysis methodology (CE 001, capillary electrophoresis) is added (50). 

The initial method for C. difficile ribotyping utilized radiolabeled DNA separated 

by PAGE (98).  The method was simplified by Cartwright et al., who used agarose gel 

electrophoresis and EtBr visualization of DNA to demonstrate good correlation with 

restriction enzyme digestion patterns of the entire C. difficile genome, or restriction 

enzyme analysis (REA) types (40).  In order to obtain smaller fragments to expedite 
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analysis time for routine clinical use (143), O’Neill et. al. reported a modified primer set 

with good correlation to serological classification schemes (187, 251). Currently, most 

laboratories utilize PCR cycling parameters and primers described by Stubbs et al. (128, 

251).  Amplicons generated by this universal primer set are usually between 200-600 

base pairs in length and are easily separated by gel electrophoresis.   

To facilitate the exchange of ribotyping data between laboratories, reduce 

interpretive bias, and eliminate the need for agarose gel electrophoresis, DNA sequencer-

based adaptations have been developed to allow a seamless transition between 

amplification and electrophoretic separation.  Through the incorporation of a 

fluorescently labeled ribotyping primer, amplicon sizes are identified by a capillary gel 

electrophoresis system.  This method has facilitated the establishment of a curated 

database of RTs for inter-laboratory comparative analyses (http://webribo.ages.at) (111, 

123). 

 

Whole genome sequencing.  Modern DNA sequencing technologies are less expensive 

and more robust than their historical iterations, leading many laboratories which have the 

instrumentation and the staff to manage high throughput analysis to adopt WGS to 

accompany diagnostic workflows.  Analysis of WGS data is centered on the 

identification of SNPs among isolates.  The number and the position of SNPs within the 

C. difficile chromosome has sufficient discriminatory power to differentiate between 

bacterial strains at the single nucleotide level (135).   

Preliminary antibiotic sensitivities based on the presence or absence of antibiotic 

resistance markers or mobile DNA elements, in silico evaluation of virulence though the 

http://webribo.ages.at/
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identification of toxin genes, and querying larger isolate collections both prospectively 

and retrospectively to determine evolutionary patterns and track transmission can also be 

achieved using WGS data.  Additionally, as many C. difficile typing methods (including 

ribotyping) are genome-centered, these data could be extrapolated from a complete 

genome sequence (135) to further facilitate data exchange and comparative efforts with 

laboratories that do not have the capacity to incorporate WGS into their workflows. 

Perhaps the most important contribution WGS has provided toward our 

understanding of C. difficile biology came from its role in changing our interpretation of 

strain transmission dynamics.  Prior to large scale WGS studies, C. difficile was believed 

to be transmitted primarily among patients in clinical settings, based upon data from 

ribotyping and MLST approaches (136).  However, these methods lack the 

discriminatory power to differentiate between strains with sufficient resolution, and it is 

now known that both horizontal and environmental transmission of C. difficile occurs in 

clinical settings.  Pioneering work by Eyre et al. demonstrated that use of WGS in a 

clinical context: 1) can influence real-time patient management, 2) can identify novel 

virulence determinants, and 3) can be applied to examine C. difficile transmission 

dynamics between patients.  This study was also instrumental in determining the rate of 

SNP accumulation (2.3 SNPs/genome/year), establishing the C. difficile “molecular 

clock” to aid in determining genetic relatedness among strains (80, 135).   

As WGS data has become more widely available, this value has been revised to 

0.74-1.4 SNPs/genome/year (63, 79).  The SNP/genome/year rate may therefore fluctuate 

as a function of the number of genomes included in a particular study, and the diversity 

of the genomes used to derive the molecular clock.  Relatedness between strains can then 
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be quantified by the relative number of SNPs identified during genomic comparison, and 

inferences regarding transmission can be justified (164).  Results from these studies 

demonstrated that while horizontal transmission among hospitalized patients did indeed 

occur, it accounted for lower levels of CDI transmission than initially believed (63, 136). 

 

The changing epidemiology of Clostridium difficile infections 
 

Overview: emergence of a pandemic, outbreak-associated strain.  Prior to 1990, 

worldwide CDI incidence was statistically stable.  To that point, C. difficile was known to 

cause AAC and be responsible for sporadic outbreaks in hospital settings, but these 

occurrences were infrequent.  A dramatic shift in CDI epidemiology was observed in the 

early 2000s, attributable to the emergence of OA-CD strains named as BI/027/NAP1.  

The strain nomenclature is derived from a combination of molecular typing methods used 

to describe the strain. BI refers to the restriction endonuclease analysis (REA) type, or 

pattern generated from the restriction enzyme digestion of the genome. 027 refers to the 

strain’s associated RT, and NAP1 refers to the North American Pulsed Field Type (NAP) 

of the strain as determined by PFGE.  Despite reports highlighting increases in CDI 

incidence, morbidity, and mortality attributable to these strains, the microbiological basis 

for these increases was unknown.   

 

The OA-CD BI/027/NAP1 outbreak in the United States.  Historical, non-OA-CD 

BI/027/NAP1 strains accounted for less than 1% of US C. difficile isolates prior to the 

year 2000 (166). This would dramatically change, when a report from the University of 

Pittsburgh Medical Center described a profound increase in the number of CDI infections 
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requiring aggressive surgical intervention.  The hypothesized cause of this increase was 

fluoroquinolone use (54, 181).  This report would signify the beginning of a distressing 

trend of increasing rates of CDI in the US (186).   

Statistically, CDI cases steadily increased in intensive care units of larger 

hospitals (>500 beds), and on medical (non-surgical) services of smaller hospitals 

between 1987 and 2001 (6).  Striking increases in the number of hospital discharges with 

“C. difficile-associated disease” as a diagnosis were observed between 2001 and 2002 

(166).  During this time, the Centers for Disease Control and Prevention received 

numerous reports detailing increases in morbidity and mortality rates associated with CDI 

(166).  Between 1999 and 2004, the mortality rates from CDI would rise from 5.7 to 23.7 

per million population in the US (215).  It is also important to consider that CDI 

diagnosis during this time was sometimes based upon laboratory methods not currently 

regarded as satisfactorily sensitive, causing these figures to likely be underestimates. 

 To determine a biological basis for the sudden and dramatic increase in aggressive 

CDI incidence, McDonald et. al. investigated C. difficile isolates from eight healthcare 

facilities reporting increased CDI rates in six states across the US between 2001 and 2003 

(166).  PFGE, toxinotyping, and REA typing were performed to characterize these 

isolates.  Importantly, the authors also had access to a large collection of historical C. 

difficile clinical isolates (>6000 isolates) obtained from CDI patients between 1984 and 

1990, prior to the current CDI outbreaks, for comparative analysis.  Included in this 

collection of isolates is the strain BI-1 which was isolated from a Minnesota CDI case in 

1988, and is used extensively in this work.    
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 An epidemic strain, BI [REA type], 027 [RT], NAP1 [PGFE type], toxinotype III 

(B1/027/NAP1) was identified as comprising greater than 50% of isolates from five of 

the eight study sites.  BI/027/NAP1 isolates were routinely resistant to clindamycin and 

fluoroquinolone antibiotics.  Non-OA-CD BI/027/NAP1 isolates in the archival 

collection (n=18) were 80% related to the OA-CD isolates by PFGE, with only low levels 

of relationship observed among non-BI/027/NAP1 strains (166).  These findings 

demonstrated that the OA-CD BI/027/NAP1 isolates in McDonald’s study clonally 

emerged from historic, non-OA-CD ancestral strains of the same molecular type. 

 Prior to 2001, the incidence of the BI REA type was a relatively rare and not 

associated with CDI outbreaks.  Importantly, there was a clear demarcation between 

historical BI and OA-CD BI/027/NAP1 isolates of McDonald’s study with respect to the 

acquisition of fluoroquinolone resistance.  OA-CD BI/027/NAP1 isolates were resistant 

to fourth-generation fluoroquinolone antibiotics including gatifloxicin and moxifloxacin, 

while the historical non-OA-CD BI/027/NAP1 isolates were sensitive, providing a 

possible explanation as to what had driven their emergence (166).  Strains from the OA-

CD BI1/027/NAP1 lineage would subsequently be detected in Maine, Pennsylvania, 

Oregon, Georgia, and Illinois hospitals, eventually spreading to 40 of 50 states by 2009 

(186). 

 

The OA-CD BI/027/NAP1 outbreak in Canada. The Canadian perspective regarding the 

emergence of BI/027/NAP1 isolates is equally compelling.  Retrospective chart review in 

Quebec identified a total of 1,721 CDI cases between January 1991 and December 2003, 

with CDI incidence increasing from 35.6 to 156.3 per 100,000 cases (195).  Patients older 
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than 65 years of age were the most significantly afflicted, with incidence raising from 

102 to 866.5 CDI cases per 100,000 in that demographic (195).  In March of 2003, many 

Quebec hospitals reported similar increases in CDI incidence, often accompanied by 

severe clinical complications not previously observed with CDI (157). Between 2003 and 

2004, approximately 14,000 cases of hospital-acquired CDI were reported in the region 

(283).  In 2005, CDI was attributable to 2,000 fatalities in Quebec alone (289). 

Prospectively, Loo et. al. evaluated circulating C. difficile strains from 12 

hospitals from January to June 2004, working under the hypothesis that a single, clonal 

outbreak strain was responsible for the increase in CDI incidence and patient mortality 

(157).  A mean incidence of 22.5 CDI cases per 1,000 admissions was identified during 

the study period, with a crude mortality rate of 24.8%.  Epidemiological analysis 

identified a circulating OA-CD BI/027/NAP1 isolate, identical to those from both the US 

(166) and Europe (144).   

Working in parallel with McDonald et. al. in the US (166), the OA-CD strain 

reported by Loo and colleagues was resistant to fourth-generation fluoroquinolone 

antibiotics (157).  Thus, the OA-CD BI/027/NAP1 lineage was determined to be 

responsible for increased CDI morbidity and mortality in susceptible patient populations, 

and had been recovered and characterized by two independent groups across North 

America.  These strains would subsequently be detected in all Canadian provinces by 

2009 (186). 

 

The OA-CD BI/027/NAP1 outbreak in Europe. The European experience with the OA-

CD BI/027/NAP1 strain is highlighted by a number of pan-European surveillance studies, 
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and two well-publicized CDI outbreaks.  Prior to 2001, the prevalence of C. difficile RT 

027 on the European continent was low.  Retrospective analysis of a European C. difficile 

collection of over 1,500 isolates obtained between 1997 and 2001 identified only three 

RT 027 isolates.  These isolates were sensitive to fluoroquinolone antibiotics, and 

phenotypically resembled historical non-OA-CD RT 027 isolates from the US (142).   

The first large European study examining CDI incidence surveyed 212 hospitals 

in eight countries, and was completed in 2002.  A mean incidence of 11 CDI cases per 

10,000 hospital admissions was reported (17).  As the goal of this study was to determine 

European CDI incidence and survey diagnostic methods, an important conclusion from 

this work was that defined guidelines were needed for diagnostic testing to unify 

international reporting practices for CDIs.  Unfortunately, epidemiological analysis was 

not undertaken during the course of this study, as one of the most devastating single-

hospital outbreaks of CDI caused by the BI/027/NAP1 strain at Stoke Mandeville 

Hospital in Buckinghamshire, UK (186) would soon follow in October of 2003.     

The incidents at Stoke Mandeville Hospital were interesting in that two major 

outbreak events occurred in succession less than a year apart.  The first outbreak occurred 

between October 2003 and June 2004, resulting in 174 cases of CDI and 19 deaths.  Of 

those 19 fatal CDI incidents, 16 (84%) were found to be caused by C. difficile acquired 

from the hospital environment.  During this outbreak, the number of CDI cases increased 

from 85 (2003-3004) to 209 (2004-2005), with many cases attributable to an OA-CD 

BI/027/NAP1 strain (2).  This strain was given the designation R20291 (240) and has 

been used in this work.   
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Following this outbreak, sweeping modification of the antibiotic formulary, 

prescription practices, and patient management were undertaken to minimize disease 

transmission and prevent future incidents.  Unfortunately, problems with the physical 

layout of the hospital prevented some infection control measures from being optimally 

implemented.  Similarly, frequent movement of CDI patients among hospital wards 

facilitated the spread of the organism.   

Because of these shortcomings, a second outbreak occurred between October 

2004 and June 2005, resulting in 160 new cases with 19 fatalities.  Similar to the first 

outbreak, 17 of these 19 deaths (89%) were attributable to acquisition of C. difficile from 

the hospital environment (1).  Molecular typing of isolates originating from these 

outbreaks determined that a majority of cases were caused by the OA-CD BI/027/NAP1 

strain (186, 238).  A UK Healthcare Commission investigation determined the CDI 

incidents at Stoke Mandeville Hospital were due to poor patient management and lack a 

of effective infection control practices (87). 

Following the events at Stoke Mandeville Hospital, a second important CDI 

outbreak was reported in Harderwijk, Netherlands following an observed increase in CDI 

incidence from four to 83 cases per 10,000 hospital admissions between 2004 and April-

July 2005 (278).  The outbreak was determined to be caused by an OA-CD BI/027/NAP1 

strain, and isolates contained molecular characteristics similar to those obtained from the 

North American outbreaks, including genes for binary toxin expression and a 

characteristic deletion in tcdC (144).  A second outbreak at a nearby hospital was caused 

by an identical strain, believed to be due to patient transfer (278).  Following these initial 
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reports, a number of other Dutch hospitals reported increases in CDI incidence due to the 

clonal spread of the OA-CD BI/027/NAP1 strain (144). 

A second, 2005 European survey of 38 hospitals in 14 countries reviewed CDI 

prevalence rates to catalog the epidemiology of circulating strains (18).  Due to 

differences in study design and diagnostic methods, incidence data was unable to be 

compared to the previous pan-European study from 2002 (87).  Sixty-six different RTs 

were identified in the study, with RT 027 comprising 6.2% of all isolates.  Importantly, 

patients colonized with RT 027 were statistically more likely to develop severe disease 

(18).  The OA-CD BI/027/NAP1 strain was initially detected in Ireland, Belgium and the 

Netherlands (87).  By 2007, the strain was detected in 11 EU countries and Switzerland 

(142).  This number would increase to 16 countries by July 2008 (87), and include most 

major European nations by 2009 (186). 

  

Fitness and “hypervirulence” of the OA-CD BI/027/NAP1 strain.  Following the OA-

CD BI/027/NAP1 outbreaks, questions pertaining to the evolutionary origin and 

pathogenic potential of the lineage were rightfully raised.  What had caused an 

infrequently encountered clinical syndrome to develop into a pandemic?  Were increases 

in OA-CD BI/027/NAP1-associated mortality rates simply reflections of increases in CDI 

incidence, and not due a change in the virulence of the outbreak strain (113)?  Could 

genetic changes be identified and be attributed to the aggressiveness of BI/027/NAP1 

isolates compared to historical non-OA CD RT 027 strains?  The scientific literature can 

be very difficult to navigate with respect to these questions, stemming from a number of 
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conflicting reports from established research groups pertaining to different aspects of 

OA-CD BI/NAP1/027 virulence. 

Further complicating the issue is the nomenclature used to define the virulence 

capacity of OA-CD BI/027/NAP1 and historical C. difficile strains. The term 

“hypervirulent” was commonly used to describe OA-CD BI/027/NAP1 isolates due to the 

hypothesized virulence enhancement compared to historical isolates.  Three possible 

rationales have been invoked to account for the hypervirulence of the BI/027/NAP1 

strain: 1) increased infectiveness, 2) increased rate of symptomatic CDI in comparison 

with endemic strains, and 3) out competition of endemic strains in the human gut (289).  

Early investigations centered on the identification of genetic changes within the OA-CD 

BI/027/NAP1 chromosome which might account for enhanced virulence (i.e. the 

acquisition or loss of genetic material) (246, 247).  While enhanced virulence due to 

genetic variation is certainly a plausible explanation, it fails to account for evolutionary 

dynamics and host factors impacting CDI. 

Since that time, the term “hypervirulent” has become controversial as it does not 

accommodate for changes in evolutionary fitness that could partially or completely 

explain the epidemiological success of the BI/027/NAP1 lineage (240).  Therefore, a 

broader and perhaps more appropriate explanation for the pandemic spread of the OA-CD 

BI/027/NAP1 strain is an increase in relative fitness, a concept not satisfactorily 

encompassed within the term “hypervirulence”.  Thus, the term “hypervirulent” has been 

largely replaced with the term “outbreak-associated” (OA-CD), which merely defines an 

uncontested aspect of the strains epidemiology, leaving room for additional evolutionary 

explanations for the epidemiological success of the BI/027/NAP1 lineage.    
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Does CDI due to the OA-CD BI/027/NAP1 strain therefore increase the 

likelihood of severe disease?  Much research has been dedicated to answering this 

question, and is often centered upon determining the virulence capacity of the strain in 

question.  Interestingly, virulence of a pathogen can also be defined in the context of the 

host; a reduction in host fitness as a consequence of infection (155).  But what of factors 

which alter host susceptibility to disease independent of infection, including so-called 

CDI risk factors?  Changes in demographic metrics including increases in the number of 

patient cohorts of advanced age, increases in antibiotic prescriptions, changes in 

antibiotic prescription practices, and inadequate infection control measures could and 

have influenced CDI incidence and disease severity independent of bacteriological 

change or influence (1).  Similarly, the composition of host microbiota significantly 

impacts colonization resistance, and is altered in susceptible patients impacting disease 

severity (150).  Thus, while epidemiologically informative, the use of strain type as a 

prediction of disease severity is problematic (113), and does not always correlate with 

clinical findings for OA-CD BI/027/NAP1 CDI (236). 

 

Molecular characteristics of the 027 ribotype.  Genotypic and phenotypic differences 

among historical C. difficile isolates and OA-CD BI/027/NAP1 strains were characterized 

initially in hopes of determining a biological basis for the epidemiological success of the 

outbreak strains.  Interpretation of many comparative studies between OA-CD 

BI/027/NAP1 and historical C. difficile isolates is difficult due to a lack of uniformity of 

comparator strains among research groups.  The laboratory-adapted C. difficile strain 

630Δerm (derived from strain 630, both RT 012) was established to facilitate 
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mutagenesis and reverse genetic analysis in C. difficile.  A number of researchers make 

use of both 630Δerm and its parental strain as historical comparators in evaluations of 

OA-CD BI/027/NAP1 virulence despite stark differences in genomic content.   

The most accurate comparator when examining the emergence of the 

BI/027/NAP1 lineage is a historical RT 027 strain that was isolated prior to the 2003 

outbreaks (i.e. strains BI 1 or CD196).  Given the high levels of variation pertaining to 

virulence capacity and genetic content among even closely related C. difficile lineages 

(277), it is difficult to draw meaningful conclusions from analysis using unrelated RTs as 

historical references.   

The biological basis of the success of the OA-CD BI/027/NAP1 strain is likely 

multifactorial, encompassing both changes in the relative fitness of the lineage, as well as 

host and environmental determinants (113).  As an alternative to strain type (236), 

defined phenotypic characteristics of OA-CD BI/027/NAP1 strain have been proposed to 

better correlate with clinical CDI severity (38).  Comparison of the genomes of historic 

non-RT 027 C. difficile isolates and OA-CD BI/027/NAP1 strains reveal high levels of 

genomic change (248), but the significance of individual changes can be difficult to 

evaluate in the context of CDI (113).  Conversely, when compared to historical non-OA 

CD RT 027 isolates, OA-CD BI/027/NAP1 isolates exhibit high levels of genomic 

uniformity.  OA-CD BI/027/NAP1 acquired only five novel genetic regions including a 

phage island carrying putative antibiotic resistance genes, and a number of transcriptional 

regulatory determinants (248).  Alterations in gene expression between historical RT 027 

and OA-CD BI/027/NAP1 could also provide an explanation for the epidemiological 

success of the strain (Roxas et al., unpublished), and are an area of active investigation in 
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our laboratory.  RT 027 strains (both OA-CD and non-OA-CD) possess a number of 

genetic factors which could impact their evolutionary success and are reviewed below, 

but a unified underlying biological mechanism remains unidentified. 

 

Toxin levels and expression kinetics.  Cursory molecular characterization of OA-CD 

BI/027/NAP1 isolates was performed during the midst of the pandemic CDI outbreaks, 

revealing the presence of a virulent strain encountered in both hospital and community 

settings (283).  As C. difficile toxins were previously established as the primary 

mediators CDI symptomology, the enhanced virulence of the OA-CD BI/027/NAP1 

lineage was hypothesized to be caused by increased levels toxin synthesis compared to 

historical isolates (283).  Testing such a hypothesis is technically challenging, as in vitro 

conditions are not equivalent to the host enteric environment encountered by during CDI.  

Moreover, the regulation of toxin gene expression in C. difficile is exceedingly complex, 

and intricately governed by input from a number of biochemical networks (163).  Indeed, 

PaLoc gene expression is intimately coupled to the organism’s metabolic state (64).   

Therefore, conclusions with respect to toxin production from data derived in vitro must 

be carefully interpreted.  

In spite of this caveat, comparative analysis of toxin production of OA-CD 

BI/027/NAP1 and historical isolates has been undertaken.  Warny and colleagues were 

one of the first groups to report the amount of toxin produced by OA-CD BI/027/NAP1 

isolates was approximately 16-23 times greater than that of other C. difficile molecular 

types after 72 hours of incubation in culture media (283).  Contrary to these findings, C. 

difficile RT 027 isolates were reported to produce no more toxin when compared to other 
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RTs by other research groups (38, 281), and clinical isolates producing elevated levels of 

toxin were not always associated with severe CDI (38).  Moreover, direct measurement 

of tcdA and tcdB mRNA levels demonstrated no appreciable differences between OA-CD 

BI/027/NAP1 isolates and historical isolates (169).  Thus, both the relative amount of 

toxin and its contribution to disease severity remain controversial for the OA-CD 

BI/027/NAP1 lineage.  In future studies, conclusions will need to be drawn from a 

combination of both in vitro and in vivo analyses, likely on a strain-specific basis. 

 

Sporulation kinetics.  As C. difficile transmission is rooted in the sporulation capacity of 

the organism, the rate of sporulation could therefore influence strain transmissibility.  

Sporulation kinetics have been investigated as a mechanism of hypervirulence in OA-CD 

BI/027/NAP1 strains (3, 34, 35, 38, 169), but findings are contentious and often 

hampered by technical variation among research groups.  Suggested technical parameters 

for investigating sporulation kinetics have been reviewed (36), although method selection 

and utilization is often laboratory-specific.   

Variation in sporulation patterns among non-OA CD RT 027 isolates from a 

Swedish collection collected between 1997-2001 was observed, with one of three isolates 

producing significantly more spores than other RT 027 strains, suggestive of non-uniform 

transmissibility within the RT (3).  Comparisons between three OA-CD BI/027/NAP1 

strains, a closely related RT 176 strain, and four non-RT 027 strains revealed robust 

sporulation of the RT 027 and 176 isolates (169).  However, a caveat of this study is the 

absence of a historical non-OA CD RT 027 comparator, making it difficult to ascertain 
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the role of the observed enhanced sporulation kinetics in the epidemiological success of 

the OA-CD BI/027/NAP1 strains.   

Conversely, greater levels of strain-specific variation compared to RT-specific 

variation (i.e. a RT encompassing multiple strains) with respect to sporulation phenotypes 

has been reported for C. difficile clinical isolates, including the OA-CD BI/027/NAP1 

strain (34).  Interrogating an expanded battery of clinical isolates revealed neither the 

sporulation kinetics or sporulation capacity of the OA-CD BI/027/NAP1 lineage was 

different from that of non-OA-CD isolates in two independent studies (35, 38).  Thus, 

data pertaining to the sporulation efficiency of individual C. difficile strains is conflicting, 

and should be considered in a strain-specific manner. 

 

Vegetative cell characteristics and competitive advantages.  Surface layer protein A 

(SlpA) is the major proteinaceous component of the C. difficile surface layer and 

mediates attachment to host gastric epithelial cells (170).  Analysis of slpA sequences 

from CD196 (historical RT 027) and R20291 (OA-CD BI/027/NAP1) revealed the 

presence of a novel slpA sequence present among all members of the 027 RT when 

compared to strain 630 (RT 012) (244).  This variant slpA was hypothesized to enhance 

colonization efficiency, thus explaining the high incidence of CDI cases caused by RT 

027 isolates (244).  Merrigan et. al. demonstrated a role for SlpA in the attachment of 

OA-CD BI/027/NAP1 and historical RT 027 strains to C2BBE, but rates of attachment 

were variable among different strains tested within the 027 RT, with unclear delineation 

between OA-CD and historical isolates (170). 
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Microevolution within the 027 ribotype.  RT 027 members are highly heterogeneous and 

consistently undergoing microevolution, resulting in the emergence highly similar, 

derivative strains.  Re-sequencing and ribotyping of CD196 (historical RT 027), R20291 

(OA-CD BI/027/NAP1), and a collection of US clinical isolates including both historical 

RT 027 and OA-CD BI/027/NAP1 strains demonstrated the presence of closely related 

RTs which were incorrectly identified as OA-CD BI/027/NAP1, yet were still identifiable 

as members of the BI family by REA typing.  BI-6 (RT 176, 2003, Portland, Oregon), BI-

11 (RT 198, 2001, Pittsburgh, Pennsylvania), and BI-14 (RT 244, 2004, New Jersey) 

were all initially identified as OA-CD BI/027/NAP1.  Despite not belonging to RT 027, 

each of these newly described RTs are all highly related to the OA-CD BI/027/NAP1 

lineage (275, 276).  Indeed, the ribotyping banding patterns observed by gel 

electrophoresis for the classification of these strains are highly similar to that of the 

BI/027/NAP1 lineage, within the loss or gain of a single band (275), which may explain 

their erroneous initial characterization.  Similarly, commercial diagnostic assays have 

difficulty discriminating between these highly similar strains (139, 154).   

The identification of these closely RT is interesting in that it confirms the 

presence of additional, highly virulent C. difficile strains circulating within patient 

populations during the initial OA-CD BI/027/NAP1 outbreaks in the US.  The 

identification of BI-11 as RT 244 and not 027 is particularly interesting, as this was one 

of the first US outbreak isolates from the University of Pittsburgh associated with severe 

disease (181).  This may implicate host factors, including the use of broad-spectrum 

antibiotics, in conjunction with the emergence of an epidemic strain, were responsible for 

the CDI outbreaks in the US during the early 2000’s.   
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These derivative RTs are also currently clinically relevant.  The Czech Republic 

has reported an alarming increase in severe CDI cases attributable to strains of RT 176 in 

2016 (200), which may be due reduced susceptibility to multiple antimicrobial agents 

including metronidazole (140).  Strains of C. difficile RT 244 are of current public health 

concern in Australia and New Zealand, which have reported significant increases in CDI 

cases attributable to this strain (154).  This particular strain is of MLST sequence type 

ST41, toxinotype IX, and has a hypothesized community-centered origin (78, 154).  

While it is tempting to think of these strains as recently emerged from the BI/027/NAP1 

lineage, RT 027 and RT 244 share an ancient ancestor and have been independent strains 

for an extended period of evolutionary time (78). 

 

Concluding remarks.  In sum, C. difficile as a species is rapidly evolving.  

Investigations stemming from the devastating pandemic OA-CD BI/027/NAP1 outbreaks 

have revealed much regarding the evolutionary history and phylogenetic relatedness of 

circulating C. difficile isolates of clinical significance.  While a unified biological 

explanation for the increased CDI incidence, clinical severity, and epidemiological 

success of the OA-CD BI/027/NAP1 lineage remain elusive, the answer likely includes a 

synthesis of microbiological, environmental, and host factors which cannot be attributed 

to a single genetic event.  Future investigations of C. difficile outbreaks should include 

control strains from the appropriate historical contexts, and conscious consideration of 

influences outside the scope of the microorganism.  The emergence and characterization 

of novel OA-CD isolates will require vigilant, rigorous epidemiological surveillance and 

cooperation between scientists and clinicians for years to come. 
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CHAPTER 2:  FLAGELLIN IS A PLEOTROPIC REGULATOR OF 

CLOSTRIDIUM DIFFICILE GENE EXPRESSION, TOXIN 

SYNTHESIS, AND VIRULENCE 

 

BACKGROUND 
 

Overview.  The flagellum is a multifaceted organelle with diverse physiological roles 

impacting the biology of C. difficile.  In addition to mediating cellular motility, 

components of the C. difficile flagellar system activate host inflammatory responses, 

influence host colonization, and modulate chemotaxis and vegetative cell physiology.  

The bacterial flagellum is composed of proteins localized in three subcellular structures 

(or complexes) based upon their function and proximity to the bacterial cell: 1) the basal 

body and motor complex situated at the cell membrane and cell wall, 2) the hook which 

is situated immediately proximal to the cell wall atop the basal body, and 3) the filament 

that is distal to the cell wall, protruding away from the cell (Figure 2.1A).  Each of these 

complexes governs different physical and molecular attributes of flagellar functionality. 

The basal body and motor complex provide biophysical energy for the flagellar 

system derived from a proton motive force, in addition to dictating the directionality of 

propulsion and locomotion.  The hook acts as a joint which transmits biophysical torque 

generated by the motor to the filament (224). Finally, the filament acts as a propeller 

which drives the bacteria either forward or sideways.  The directionally of locomotion is 

dictated in response to environmental and chemotactic signals.  In some organisms, 
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components of the flagellar filament also function as bacterial adhesins, mediating 

attachment to host tissues as well as to some abiotic substrates. 

 

The C. difficile flagellar locus.  Within the C. difficile genome, all genes necessary for 

the biosynthesis of the flagellum are organized at a defined location on the bacterial 

chromosome.  Flagellar loci are further stratified into three distinct regions based upon a 

transcriptional hierarchy governing expression of flagellar gene products.   In C. difficile, 

these regions are named F1, F2, and F3 respectively, each containing a different class of 

flagellar genes based upon the predicted temporality of their respective transcriptional 

programming, and their different functionality in the context of the organelle as a whole 

(Figure 2.1A).  Interestingly, gene carriage within these flagellar regions is variable 

among different C. difficile phylogenetic lineages, rendering some strains non-motile and 

aflagellate, and others able to produce flagella with variable glycan decorations (Figure 

2.1B).  Carriage of the F2 and F3 regions is strain dependent. 

A well-structured transcriptional program regulates the temporality of flagellar 

gene expression, resulting in the ordered and timely production of proteins for biogenesis 

and physical assembly of the flagellum.  This level of regulation is important due to the 

high level of energy expenditure required for flagellar biogenesis. Transcriptional 

regulation of flagellar gene expression is achieved through the use of different alternative 

sigma factors recognizing variant promotors within the region.  The number and type of 

alternative sigma factors required is dependent upon the species analyzed.  

Environmental and metabolic signals originating from both inside and outside the 

bacterial cell regulate the expression of these sigma factors.   
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In contrast to archetypal flagellar systems such as those of S. typhimurium and B. 

subtilis where research spanning decades has resulted in a wealth of information, 

significantly less is known regarding the flagellar transcriptional program in C. difficile.  

The small amount of available experimental evidence in C. difficile suggests the flagellar 

transcriptional program is similar to that of Bacillus sp., but more data is required before 

a mechanistic model can be generated.  In general, Gram-positive flagellar systems are 

reminiscent of those first identified in E. coli and Salmonella, sp., but lack specific gene 

products that associate with the Gram-negative outer membrane, with is absent in Gram-

positive cellular structure.   

The F3 region of C. difficile is composed of “early flagellar genes” which are the 

first to be transcribed among canonical bacterial flagellar systems.  These include genes 

encoding proteins with both structural and functional roles in the formation of the basal 

body and motor complex.  Early genes also encode proteins with roles in chemotaxis and 

environmental sensing, demonstrating the influence of the extracellular environment 

upon the earliest stages of flagellar assembly.  Importantly, the gene encoding a flagellar-

specific sigma factor SigD is also encoded in the F3 region (Figure 2.2D).   

In direct contrast to the F3 region, the F1 contains “late flagellar genes” which are 

involved in the biogenesis of both the hook junction and the filament.  In the flagellar 

systems of Bacillus sp., expression and trafficking of late gene products (i.e. the proteins 

involved in filament formation) is dependent upon prior expression of early flagellar 

genes (i.e. the basal body and motor) by virtue of the co-expression of SigD.  This timing 

mechanism assures that an assembly pore and the necessary chaperones and regulators 

for trafficking and export flagellar filament components are produced prior to the robust 
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expression of the actual components themselves.  SigD is therefore often referred to as a 

master regulator of bacterial flagellar expression.  Importantly, the details governing 

flagellar transcriptional programs are largely species specific, and flagellar gene 

expression is influenced by a number of second messengers, environmental stimuli, and 

chemotactic signals in addition to SigD.  

Finally, the F2 region of the C. difficile flagellar locus is organized as a unified 

intergenic locus situated between the F1 and F3 regions.  The F2 region contains genes 

involved in post-translational modification of flagellin (FliC).  Despite similarity in the 

composition and organization of their flagellar regions, posttranslational modification of 

flagellin is not consistently observed in Bacillus sp., but has been reported in Listeria 

monocytogenes (229) and other pathogenic clostridia (271).  While this region is present 

in all C. difficile genomes sequenced to date, two variant macromolecular architectures of 

the F2 region have been identified among circulating strains distributed in a RT-specific 

manner.  The functions and roles of the F2 region in C. difficile pathogenesis will be 

addressed in Chapter 4.  The focus of Chapter 2 is the C. difficile flagellar filament, with 

emphasis on the flagellin and its associated regulatory and effector functions. 

 

The F3 flagellar region: initiation of flagellar assembly.  The composition of the F3 

flagellar region is briefly discussed in this Chapter as it contains elements which directly 

regulate the expression of F1 C. difficile flagellar genes, and putative flagellin 

homeostatic mechanisms.  However, a mechanistic dissection of the roles of gene 

products encoded in this region, with the exception of sigD, is beyond the scope of this 

work.  Importantly, no experimental investigations of C. difficile flagellar structural or 
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motor complex biology have been reported in the literature to date with the exception of 

motB allelic exchange mutagenesis for the generation of paralyzed C. difficile flagellar 

mutants (12), and use of fliM, fliF, fliG, and flhA-B and their impact on toxin gene 

transcription (10).   

The F3 region is a large genetic region with similarity to class II fla/che operon of 

Bacillus subtilis (99, 250).  In C. difficile, this region is believed to be transcribed as a 

single operon under the control of a housekeeping sigma factor.  Recently, a putative 

promotor with high similarity to the consensus sequence of SigD-specific promotors was 

identified within the middle of the F3 region (72), suggesting that additional regulatory 

mechanisms may govern the expression of the F3 region.  However, experimental 

evidence demonstrating the functionality of this particular promotor in vivo is currently 

lacking.   

In B. subtilis, transcription of the fla/che operon is regulated by both the 

housekeeping sigma factor (SigA) and upstream SigD promotors (74).  Interestingly, the 

SigD promotor is dispensable for motility in this system (72), but is absolutely required 

in C. difficile ((72), Figure 2.19).  In C. difficile, a putative SigA promotor has been 

identified upstream of flgB, the first gene in the F3 region, but its activity has yet to be 

experimentally validated.  In contrast to B. subtilis, no SigD promotor has been identified 

upstream of flgB in C. difficile, suggesting that flagellar transcription in initiated either 

solely by SigA, or through a currently undefined mechanism.  Signals influencing the 

initiation of flagellar synthesis, and specifically the F3 region, are currently unknown 

(250), as are the genetic and environmental signals which initiate C. difficile flagellar 

synthesis.  
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In both C. difficile strains 630Δerm (RT 012) and BI-1 (RT 027), the F3 region is 

homologous, spanning approximately 24 Mb, and contains 30 ORFs.  While experimental 

data for the C. difficile F3 region is limited, sequence similarity to other bacterial systems 

suggests that proteins encoded by this locus serve more than just structural roles.  

Homologs of C. difficile F3 genes fliG, fliM, and fliN, motA and motB are involved in 

generating torque for flagellar propulsion in other bacterial systems.  The motA and motB 

genes encode motor proteins that form a proton channel, which generates energy for 

flagellar rotation via proton concentration gradients.  FliG, FliM, and FliN are 

responsible for alternating the direction of propulsion of the flagella during chemotaxis 

(172), and are also encoded in the F3 region.  Finally, FlhA dictates timing and substrate 

specificity of flagellar components during export and assembly of the hook and filament.   

 

The alternative sigma factor SigD.  In addition to basal body and motor complex genes, 

the F3 region also includes sigD (also named  fliA or σ28 in Gram-negative systems), an 

alternative sigma factor responsible for the transcription of late flagellar genes of the F1 

region.  The location of the sigD gene in the F3 region assures that F1 gene synthesis will 

not robustly occur until proteins involved in basal body, motor complex, and hook 

formation have been expressed and assembled into a flagellar export pore complex.  In C. 

difficile, SigD has also been recently hypothesized to modulate expression of select F3 

genes, including its own transcription, due to the identification of a putative SigD 

promotor in the F3 region.  Genes in close proximity to this hypothetical promotor were 

downregulated genes in a sigD mutant, suggestive of promotor activity (72).  However, 

direct measurement of F3 gene transcription from this promotor has not been undertaken.    
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Disruption of sigD also leads to pleotropic alterations in the C. difficile 

transcriptional profile, including differential changes in gene expression of flagellar 

genes, genes involved in membrane transport, sporulation, and other global 

transcriptional regulators (72).  The protein is required for C. difficile motility, and 

positively influences not only the transcription of the F1 region, but the transcription of 

tcdR, the master positive regulator of toxin gene expression (10, 72).  C. difficile flagellar 

expression (and sigD expression) occurs early in mid-logarithmic phases of growth (72), 

while toxin expression is maximal in stationary phase.  Therefore, despite temporal 

separation of their maximal levels of gene expression, C. difficile toxin and flagellar gene 

are intimately linked through the activity of SigD (10).   

Interestingly, all attempted mutagenesis experiments to date investigating genes 

within the F3 region, including sigD, resulted in loss of C. difficile motility.  However, it 

is unclear if this is due to an absolute requirement for SigD to drive flagellar gene 

transcription, or due to polar effects on the expression of genes in the rest of the operon 

due to ClosTron insertion at sigD or other F3 loci.  Suggestive of the latter, homologous 

replacement of motB with a non-functional allele did not impact flagellar assembly, but 

resulted in a loss of motility.  It is therefore difficult to assess the exact role of SigD in C. 

difficile flagellar expression with the currently available molecular tools.  

 

The F1 flagellar region: regulation of hook and filament synthesis.  The C. difficile 

F1 region encodes “late flagellar genes” involved in the biosynthesis of the flagellar hook 

and filament, including putative hook-associated proteins, protein chaperones, 

transcriptional regulators, flagellin glycotransferases, and filament structural components 
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including FliC and FliD.  The flagellar hook, a short tubular structure which physically 

connects the basal body to the filament, is comprised of a single protein, FlgE (224).  The 

hook transports torque generated by the motor to the filament, resulting in propulsion in 

response to chemotactic signals (224).  The secreted protein FliK controls hook length 

during assembly in a matter likened to a molecular ruler, regulating the length of the hook 

in proportion to the size of FliK.  Loss of FliK expression results in unregulated growth 

of the hook during flagellar assembly.  FliK is continuously secreted during hook 

biogenesis and interacts with the hook capping protein FlgD.   

When optimal hook length has been achieved as dictated by FliK, FlgD 

canonically functions to modulate the substrate specificity of secretion through the 

flagellar hook, from the secretion of hook substrates to filament proteins via FlhB 

cleavage (112)).  To date, no experimental investigations have directly addressed the 

roles of flagellar hook genes or proteins in C. difficile flagellar biology, and all attributed 

functions are based on studies of homologous proteins in other motile organisms.   

The flagellar filament is a dynamic and critical component of the flagellum that 

provides propulsive force for the bacterial cell.  The C. difficile flagellar filament is 

composed exclusively of two proteins: the flagellin (FliC) and the flagellar capping 

protein (FliD).  A single bacterial flagellar filament is comprised of an estimated 20,000-

30,000 copies of FliC (11, 189) which spontaneously assemble under the capping protein.  

This makes FliC one of the most abundantly synthesized proteins during the logarithmic 

growth phase of motile bacteria, accounting for an estimated 8% of the total cellular 

protein under conditions favoring optimal flagellar expression (295).   
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Following hook assembly, FliC and FliD are trafficked for export through the 

flagellar secretion machinery by the chaperones FliS and FliT, respectively.  In C. 

difficile, fliS and fliT orthologues are encoded within the F1 region.  FliD is the first 

protein chaperoned during filament assembly, which spontaneously assembles as a 

pentameric cap covering the export pore.  Once the FliD cap has been created, FliC is 

trafficked to the pore in complex with FliS and secreted, where it oligomerizes following 

interaction with the FliD cap, pushing the cap away from the cell surface as the filament 

assembles underneath.  C. difficile is unique in that it encodes two FliS alleles, fliS1 and 

fliS2.  The significant similarity between these genes is suggestive of gene duplication 

(Figure 2.20C), but, with the exception of this study, no functional analysis of any of the 

filament structural and regulatory proteins has been undertaken. 

 

The C. difficile flagellin.  The role of C. difficile FliC in pathogenesis is multifaceted.  

As the major structural protein of the flagellum, it is essential for C. difficile motility.  

Additionally, the sigma factor SigD, which regulates flagellin synthesis, has also been 

linked to regulation of toxin gene transcription in C. difficile.  Finally, C. difficile FliC 

can be detected by host toll-like receptors (TLR5 in the cause of human intestinal 

epithelial cells) resulting in activation of inflammatory responses.  C. difficile FliC is 

post-translationally and differentially O-glycosylated (Chapter 4), a requirement for 

flagellin secretion and flagellar assembly. 

 

Historical perspectives.  While motility had been initially observed among clinical 

isolates of C. difficile from asymptomatic neonates in 1935 (100), the phenotype was 
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variable among different strains, with some isolates exhibiting weak or no motility.  

Despite longstanding evidence of the motility status of the organism, it would not be until 

1990 when the first investigation into the analysis of the C. difficile flagella, and the FliC 

protein, would be undertaken (62).  In this investigation, attempts were made to visualize 

flagella on the vegetative cell surface of clinical isolates representing all known 

serogroups of C. difficile by electron microscopy.  Consistent with previous observations, 

some serogroups did not express flagella, indicating these organelles were non-essential 

for colonization or virulence in human infections (62).   

From a motile strain, FliC was isolated by differential centrifugation and detected 

by PAGE and immunoblotting.  FliC was identified as a 39kDa protein with robust 

antigenicity.  Flagellin detection was again variable among different serotypes, and 

surprisingly, the protein exhibited variant molecular mass within the same serotype (62).  

Although unknown at the time, these subtle variations in the molecular mass of FliC were 

likely the first observations of differential flagellin glycosylation. 

 It would take another decade for the corresponding gene, fliC, to be identified and 

characterized (259).  Working without a complete genome sequence, Tasteyre and 

colleagues extracted flagella from C. difficile and verified the presence of FliC by N-

terminal protein sequencing.  These protein sequences were used to design degenerate 

primers to identify, amplify and characterize C. difficile fliC.  Fortuitously, two unique 

fliC genes from motile strains were identified and sequenced, demonstrating 91% 

sequence identity (259).  It is likely that these sequences were representative of two 

different RTs carrying different glycosylation machinery.   
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The study of Tasteyre et. al. also included the seminal analysis of C. difficile FliC 

primary structure which exhibited conservation of both the N- and C-terminal sequences 

putatively involved in its secretion and assembly.  C. difficile FliC also possesses a 

variable central region that is surface-exposed in the context of the assembled filament.  

This organization is consistent with structures of flagellins from other species.  Indeed, 

RFLP analysis of fliC confirmed this sequence heterogeneity, and would serve as the 

basis for a future molecular classification scheme for C. difficile centered on fliC (261).   

While C. difficile FliC had been identified and exhibited variable expression 

among different strains, a functional role for the protein beyond mediating motility had 

not been determined.  Flagella participate in a myriad of processes among 

enteropathogens including cellular invasion, facilitating traverse of the protective mucus 

layer of the gastric epithelium, and attachment to host enterocytes.  In initial studies, 

purified recombinant C. difficile FliC expressed in E. coli did not adhere to cultured Vero 

cells (259), arguing against a role for C. difficile FliC in attachment to the epithelial cell 

surface.   

The following year, Tasteyre reported the first functional analysis of C. difficile 

flagella and FliC (258).  Due to the unavailability of genetic tools for the precise 

manipulation of the C. difficile chromosome, this study utilized C. difficile-derived and 

recombinant FliC to demonstrate modest attachment to axenic murine cecal mucus, but 

not to either porcine stomach mucus or cultured epithelial cells.  By contrast, FliD 

strongly bound both epithelial cells and cecal mucus, and was concluded to be a putative 

adhesin.  Importantly, non-flagellated strains colonized the intestine as robustly as 

flagellated strains, suggesting that flagella were dispensable for C. difficile colonization 
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(258), consistent with the previous reports of recovery of non-flagellated strains from 

symptomatic patients. 

Sporadic investigations pertaining to the C. difficile flagellin were reported in the 

scientific literature for the next few years, including the variability of flagellar expression 

among closely related strains (197), and the use of the flagellin gene in molecular 

epidemiological (180, 199) and taxonomic analysis (152, 226).  Thus, while fliC was a 

promising tool for strain typing and epidemiology, the clinical and bacteriological 

significance of FliC remained unclear.  The earliest evidence that FliC may be important 

in the context of clinical disease came from two studies which focused on host 

serological responses in CDI patients (192, 194).   

Compared to other C. difficile surface antigens, FliC antibody titers were 

relatively low among CDI patients (192).  Conversely, anti-FliC antibodies were present 

in a majority of surveyed healthy patient and volunteer samples (192, 194) consistent 

with a strong immunological response against the molecule in asymptomatic individuals.  

This was also the case for other abundant surface antigens including surface layer 

proteins.  The high levels of C. difficile FliC-reactive antibodies in non-CDI patients 

could be attributed to either serological cross-reactivity against other flagellated 

organisms including members of the microbiota, or strong immunological responses 

against FliC from a previous CDI.  These findings are suggestive of a role for antibodies 

against both FliC and other surface proteins in preventing CDI (192).  FliC could also 

serve as a potential vaccine candidate (101, 194), although anti-FliC antibodies derived 

from recombinant FliC failed to block C. difficile attachment in vitro (178). 
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The role of flagellin in C. difficile pathogenesis.  The first study to examine the role of 

the FliC protein in the context of C. difficile pathogenesis was reported in 2011 (66).  The 

advent of the ClosTron system allowed gene-specific isogenic mutants to be created in a 

reproducible manner for the first time.  Dingle et. al. generated both fliC and fliD mutants 

in the 630Δerm background, and examined the roles of FliC and FliD in flagellar 

assembly and pathogenesis of C. difficile.  Inactivation of either gene resulted in a loss of 

flagella, and increased adhesion to C2BBE cells in vitro.  Both mutants were more virulent 

than the wild type strain in the hamster model of acute CDI.  The virulence enhancement 

was attributed to an increase in net toxin production following 24 hours of culture as 

measured in vitro (66).  While these findings confirmed the previous observations from 

Tasteyre et. al. that flagella were not required for C. difficile colonization (258), no 

mechanistic explanation was provided to account for the observed increase in toxin 

production, or investigation as to if this phenotype occurred in vivo.  Additionally, this 

study made overarching conclusions based on data from a single, laboratory-adapted 

strain 630Δerm (66), which would hamper future investigations of FliC-mediated 

virulence in other strain backgrounds. 

 Questions pertaining to the strain-specific role of flagella in C. difficile 

pathogenesis were raised by Baban et. al., who evaluated C. difficile fliC mutants 

constructed in both strain 630Δerm and the OA-CD strain R20291 (12).  Flagellar 

mutants in the R20291 background adhered significantly less well than wild type, in 

contrast to flagellar mutants in strain 630Δerm. Taking advantage of a homologous 

recombination system, the authors constructed a point mutation in the motB gene, 

resulting in a flagellum which is assembled, but non-functional.  These strains were able 
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to colonize at a level comparable to wild type, suggestive of a role for FliC independent 

of bacterial motility.  R20291 fliC mutants exhibited a higher level of toxin expression, 

consistent with findings in strain 630Δerm, indicating a unified yet undetermined 

mechanism governs alterations in the fliC mutant toxin profile (12). 

 

Flagellar regulation of toxin synthesis: the role of SigD.  Seminal work by Aubrey et. al. 

corroborated the role of FliC in toxin synthesis, and identified a flagellar regulator linking 

C. difficile flagellar biogenesis and toxin production (10).  These authors constructed 

isogenic mutants in a number of C. difficile flagellar genes spanning the F1, F2, and F3 

regions in strain 630Δerm.  Toxin production was dynamically altered depending on the 

gene that was insertionally interrupted, a key result impacting work presented within this 

dissertation.  Interruption of fliC consistently resulted in elevated toxin levels, while 

elevation of flagellar genes from the F3, including sigD, resulted in dramatic decreases in 

toxin levels (10).  Data pertaining to toxin gene transcription were validated by RT-PCR 

identifying corresponding changes in both tcdA and tcdB transcription from the PaLoc, 

and verified in vivo using the hamster model of acute CDI (10). 

 The C. difficile SigD regulon has also been characterized.  Using a combination of 

transcriptomic and genomic analysis, El Meouche and colleagues reported that SigD 

influences the expression of multiple genes with functions beyond flagellar biosynthesis, 

including autolysis, virulence, and central metabolism in strain 630Δerm (72).  A SigD 

consensus sequence was identified, facilitating subsequent investigations of SigD-

mediated gene regulation.  The expression kinetics of sigD, fliC, and flgM followed 

similar trajectory during C. difficile growth, and sigD inactivation resulted in a loss of 
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motility.  Finally, SigD was demonstrated to bind upstream of the tcdR promotor, and 

ectopic expression of SigD increased tcdR, tcdA, and tcdB mRNA levels, consistent with 

the previous results of Aubrey et al. (72). 

Aside from these data, little else is known about the transcriptional program of the 

C. difficile flagellar locus.  Loss of sigD resulted only in a slight downregulation of early 

flagellar genes, including those involved in hook and basal body formation (72).  This is 

consistent with the influence of additional active promotors within this region.  By 

contrast, late flagellar genes were strongly influenced by SigD expression.  SigD 

promotors were identified upstream of the first gene of the F1 region (CD0226), as well 

as upstream of flgM and fliC (72).  Expression of early stage flagellar genes and sigD are 

likely under the control of both SigD and auxiliary promotors, while genes of the F1 

region appear to be predominantly under the control of SigD in C. difficile. 

The studies of Aubrey and El Meouche are critical steps furthering our 

understanding of the biology of C. difficile SigD.  However, key questions remain to be 

answered.  The F3 region is predicted to be transcribed as a single operon.  Potential 

polar effects of a sigD disruption make it difficult to parse the direct impact of SigD on 

toxin synthesis from indirect effects due to a complete loss of flagellar assembly resulting 

from impaired expression of the seven ORFs downstream.  Indeed, insertional 

mutagenesis of any flagellar gene attempted to date in the F3 region has resulted in a 

reduction in toxin synthesis, arguing that the observed phenotypic changes may be due to 

a loss of flagellar assembly, in addition to the loss of a sigma factor directly influencing 

toxin gene expression. 
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The anti-sigma factor FlgM.  As SigD is a pleotropic regulator of both gene expression 

and virulence in C. difficile, modulation of its expression has profound consequences on 

the biology and pathogenesis of the organism.  The gene encoding the anti-sigma factor 

FlgM is located within the F1 region, under the control of a SigD promotor.  After 

flagellar assembly, FlgM canonically binds to SigD and targets it for secretion from the 

cytosol through the flagellar pore, with consequent alteration in toxin levels (10, 72).  A 

putative sigD promotor was identified upstream of flgM, and flgM transcription was 

completely ablated in the context of a sigD mutant.  Therefore, a link between FlgM and 

SigD has been established in C. difficile, but how relative levels of these proteins are 

impacted by a loss of FliC expression remains undetermined. 

 

Flagellin as a pleotropic regulator of C. difficile gene expression.  Despite evidence of 

robust phenotypic alterations in a C. difficile fliC mutant background, including increases 

in virulence in vivo, only a single study has undertaken a quantitative analysis of global 

genetic change in such a strain.  Barketi-Klai et. al. compared changes in the 

transcriptome of R20291 and an isogenic fliC mutant both in vivo and in vitro.  Three-

hundred-and-ten genes were differentially regulated in the fliC mutant compared to wild 

type following 14 hours post infection of germ-free mice (19).  The transcription of 

majority of early stage flagellar genes was upregulated, with the notable exception of 

flgM which was significantly downregulated, and could explain the elevated level of F1 

transcription in the fliC mutant via loss of SigD antagonism.  As FlgM is secreted through 

the flagellar assembly pore prior to filament polymerization, the loss of fliC expression 

could result in unregulated secretion of FlgM (19), and loss of SigD inhibition by 
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extension.  Unfortunately, it remains unclear as to why no change in sigD transcript 

levels was identified, and no SigD-specific transcriptional analysis was undertaken in the 

fliC background.  In addition to uniform alterations in flagellar gene expression, broad 

alterations in transcription of a number genes involved in membrane transport, central 

carbon metabolism, and sporulation were observed (19). 

 

Chaperones of flagellar filament proteins.  Chaperones play critical roles during 

flagellar assembly, and are currently an underappreciated aspect of C. difficile flagellar 

biology.  Due to the ability of C. difficile FliC to pleiotropically impact gene expression, 

flagellar chaperones could potentially serve equally important roles, post-translationally 

dictating intracellular flagellin levels by either modulating FliC export or degradation 

kinetics.  Genes encoding the flagellar filament chaperones FliS and FliT were initially 

identified in E. coli (132), and their homologs have been identified in all motile bacterial 

genera including C. difficile. 

 

The flagellar capping protein chaperone FliT.  The FliT chaperone is responsible for the 

trafficking and deposition of FliD at the basal body for export during flagellar biogenesis 

(86).  The gene is under the transcriptional control of SigD (43) and the anti-sigma factor 

FlgM (291) in other bacterial systems.  FliT binds the C-terminal region of FliD to 

prevent premature interactions with cytosolic FliC or FliD molecules.  The FliT-FliD 

complex is trafficked through the cytosol, where it interacts with FliJ.  Once at the basal 

body, FliD is transferred from FliT to FlhA for export, and FliT binds FliJ and is recycled 



 

78 
 

(75).  While a fliT homolog has been identified in C. difficile, its biological function 

remains experimentally undefined. 

 

Flagellin chaperones of the FliS class.  Flagellar assembly is an energetically expensive 

process requiring the temporally coordinated expression of a number of structural genes 

and their chaperones.  The energetic cost of this processes results in an estimated 2% 

growth disadvantage when compared to non-motile strains (269).  To mitigate 

unnecessary energy expenditure during flagellar biosynthesis, coupled expression of 

flagellar substrates and their associated chaperones occurs following completion of the 

hook and basal body.  FliS is the dedicated flagellin chaperone which binds FliC in an 

extended, non-globular conformation similar to other type III secretion system (T3SS) 

chaperones.  Importantly, FliS does not exhibit amino acid conservation with other T3SS 

chaperones, suggestive of a divergent evolutionary origin (76).   

Early studies in B. subtilis demonstrated SigD-mediated control of FliS 

expression (43), consistent with current knowledge of C. difficile flagellar gene 

regulation.  FliS expression is negatively regulated by FlgM in S. typhimurium (291), 

presumably through antagonism of SigD.   However, in C. difficile, no investigations 

(with the exception of this study) have been undertaken examining the contribution of 

filament chaperons to flagellar biology and virulence. 

 Based upon homology to other systems, C. difficile FliD putatively trafficked for 

export through the flagellar pore by the chaperone FliT.  fliT is located between fliD and 

fliC in the F1 region, suggestive of co-transcription.  Similarly, the FliC protein is 

canonically exported by the chaperone FliS.  Interestingly, the C. difficile genome 
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encodes two alleles of the fliS gene, named fliS1 and fliS2, respectively which are in close 

chromosomal proximity to fliC, also suggestive of co-transcription.  As components of 

the F1 region, both fliS1 and fliS2, in addition to fliC, have been identified in every C. 

difficile strain sequenced to date, irrespective of motility status.  Sequence conservation 

analysis suggests that these genes have likely arisen due to an ancient gene duplication 

event.   

Canonically, FliS chaperones serve dual purposes: 1) to traffic FliC to the 

assembled export apparatus at the cell wall for flagellar assembly (292), and 2) to prevent 

premature polymerization of flagellin within the cytosol (11).  FliC is believed to be 

secreted as an unfolded or partially folded monomer due to the narrow size of the export 

channel (25-30 Å) (179). 

 The interaction of FliC and FliS has been characterized in Salmonella 

typhimurium, but the kinetic nature of this interaction is variable among different 

bacterial species due to variation in both FliC and FliS structures.  FliS binds to the FliC 

C-terminal region which is important for flagellin polymerization during filament 

assembly (189).  FliS is also important for FliC stability, as FliS binding protects the 

protein from degradation in the cytosol (189).  While FliS is dispensable for flagellar 

assembly, its absence impairs flagellar cytosolic trafficking and results in shorter 

filaments (292).   

Once trafficked to the basal body, FliS-FliC complexes canonically interact with 

the cytoplasmic domain of the integral membrane protein FlhA only after FliT/FliD 

complexes have trafficked and deposited FliD.  Unlike the FliT/FliD complex, the 

FliS/FliC complex does not interact with FliJ (75), so FliC remains bound to FliS.  Once 
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the FliD pentamer is assembled, the substrate specificity of FlhA changes, presumably 

based upon the binding to free FliJ which has deposited FliD at the pore (16) to accept 

FliS/FliC complexes, initiating the process of filament elongation.   

 

Flagellin homeostasis: an unexplored mechanism of C. difficile pathogenesis?  

Bacterial cells utilize a number of chaperone-centered mechanisms to shuttle flagellar 

proteins from the cytosol to the cell wall.  While the roles of flagellar chaperones have 

been well characterized in the context of trafficking, significantly less is known about 

their roles in maintaining and modulating intracellular levels of flagellar structural 

components.  C. difficile fliC disruption results in dramatic alterations in gene expression, 

suggesting a relatively unexplored role for FliC in gene regulation.  It is tempting to 

attribute these changes to compensatory alterations in SigD or other regulators, but there 

is no experimental evidence to support such a conclusion.  Therefore, while SigD 

influences the expression of C. difficile flagellar operon proteins, as well as toxins 

through a bystander mechanism, it remains a possibility that flagellar proteins themselves 

also impact gene expression.  With the exception of SigD and FlgM, flagellar proteins are 

not known to directly bind DNA or inactivate regulatory proteins.  The modulatory effect 

of these proteins is likely elicited through feedback or protein-protein interactions. 

 Bacterial flagellar systems regulate gene expression in response to the relative 

intracellular levels of flagellar components.  In the case of FliC, these processes are 

collectively referred to as flagellin homeostasis.  Flagellin is one of the most abundant 

proteins produced by the bacterial cell (175), and therefore requires sensitive regulatory 

mechanisms to prevent aberrant expression.  In C. difficile, proteins that regulate flagellin 
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levels could have potentially uncharacterized roles influencing bacterial physiology and 

pathogenesis.  In Gram-positive organisms, a vast majority of the molecular interactions 

governing this process have been identified through elegant work in B. subtilis.  The B. 

subtilis flagellar system is similar to that of C. difficile, albeit with key differences, 

including a lack of a flagellar glycosylation system.  Gene homologs encoding proteins 

involved in flagellin homeostasis in B. subtilis have been identified in C. difficile; 

including fliW, fliS, and csrA, but to date have not been experimentally evaluated.   

 

Carbon Storage Regulator CsrA.  Carbon storage regulator A (CsrA) is a member of a 

family of posttranscriptional regulatory proteins which target components of key 

metabolic systems.  CsrA binds to target mRNAs at the 5’ end either in an untranslated 

region or toward the beginning of the coding sequence, and modulates translation either 

through promoting degradation, preventing elongation, or stabilizing the transcript (274).  

CsrA activity is regulated by members of a class of non-coding small RNAs, including 

csrB, which bind and sequesters CsrA, preventing interaction with target mRNA 

transcripts (274).  Levels of these small RNAs are regulated through sensing of the 

extracellular environment and associated stress responses, resulting in the production of 

regulatory molecules including cAMP receptor protein, Hfq, and RpoS, among others 

(274).  Interestingly, disruption of C. difficile hfq resulted in pleotropic effects including 

defects in cell morphogenesis, enhanced sporulation and biofilm formation, and increased 

sensitivity to environmental stress (28). 

 Despite being referred to as the most conserved post-transcriptional regulator of 

bacterial virulence (105), csrA has been lost among the alpha- and beta-proteobacteria 
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(176). The role of CsrA in bacterial flagellar synthesis is also variable among Gram-

negative and Gram-positive organisms.  In E. coli K12, CsrA is essential for motility 

(284).  In this background, CrsA interaction with the 5’ end of the flhDC operon 

transcripts prevents RNAse E binding, thereby allowing for continued synthesis of basal 

body components (284, 287, 288).  CsrA has been reported as a regulator of Gram-

negative flagellar functions in Legionella pneumophila (84), Salmonella enterica sv. 

Typhimurium (265), Erwinia carotovora (42), Borrelia burgdorferi (254), Helicobacter 

pylori (131), Yersinia enterocolitica (151), Campylobacter jejuni (211), and Serratia sp. 

(102).  Proportionally fewer Gram-positive flagellar systems have been analyzed, but 

CsrA has been identified as a flagellar regulator in B. subtilis (176) and Clostridium 

acetobutylicum (257). 

 In B. subtilis, CsrA plays a dynamic role in flagellin homeostasis by interacting 

with both FliW and flagellin (named Hag in this organism) as part of a partner-switching 

mechanism.  During flagellin synthesis, CsrA binds flagellin (hag) transcript at two 

defined sites, preventing its translation (176, 288).  CsrA binding occludes the Shine-

Delgarno sequence of hag transcripts, preventing ribosome binding (288).  This prevents 

excess flagellin from accumulating in the cytosol, a function striking different from its 

role in Gram-negative bacteria.  Following hook assembly, the binding partner for CsrA 

switches to FliW, freeing the hag transcript to be translated and interact with FliS for 

trafficking and flagellar assembly.   

The csrA gene is chromosomally encoded in the F1 region, and is predicted to be 

under the transcriptional control of SigD in C. difficile.  In B. subtilis, both SigD and 

SigA control csrA expression, with maximal expression being observed one hour after the 
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end of logarithmic phase (288).  The role of CsrA in C. difficile biology remains 

unexplored to date with the exception of this work.   

  

Flagellin regulator FliW.  In other bacterial systems, fliW is often chromosomally located 

adjacent flagellar hook genes and csrA (176). This organization is also conserved in C. 

difficile.  The interaction of FliW with FliC was first identified through yeast-two hybrid 

analyses using orthologs from Treponema pallidum, and was subsequently verified to 

stabilize flagellin in B. subtilis and C. jejuni (268).   

Characterization of the role of FliW in flagellar biogenesis also represented a 

significant expansion into our understanding of CsrA regulation.  Prior to the discovery 

of the function of FliW (176), small non-coding RNAs were the only known class of 

regulators of CsrA.  In B. subtilis, FliW binds the flagellin protein when a threshold 

cytosolic concentration has been reached, releasing CsrA to bind and prevent translation 

of the flagellin transcript by ribosomal occlusion (176).  Conversely, when cytosolic 

concentrations of flagellin are below a threshold level, FliW binds CsrA, freeing flagellin 

transcripts for translation (176).  Thus, a regulatory circuit is formed whereby FliW and 

CsrA function to regulate flagellin homeostasis in B. subtilis. 

  

Expanded regulatory roles of FlgM and FliS.  Three proteins therefore regulate cytosolic 

levels of flagellin in B. subtilis: CsrA, FliW, and FliS.  While FliW acts a modulator of 

CsrA activity, FliS also modulates this process by actively secreting flagellin through the 

export apparatus, depleting intracellular flagellin, resulting in inhibition of CsrA by FliW 

(175).  FliW and FliS can bind cytoplasmic flagellin simultaneously and non-
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competitively, but FliS is unable to directly bind and modulate CsrA activity (175).  

Thus, flagellin homeostasis is mediated at two distinct levels: post-transcriptionally by 

CsrA, post-translationally by FliS.  Recently, the FliW/CsrA complex has been 

implicated in positioning flagellin mRNA at the cell poles prior to translation and export 

in C. jejuni (70), a bacterial pathogen which assembles polar flagella.  This role has not 

been confirmed in peritrichously-flagellated organisms such as B. subtilis and C. difficile, 

and may be specific to bacteria that express fewer or strictly localized flagella. 

 In C. difficile, the late flagellar genes fliW, csrA, fliS1, and fliS2 are located 

adjacent to each other in the F1 region, presumably under the transcriptional control of 

SigD.  However, molecular events governing transcription of the F1 region remain 

undefined.  A recent investigation using Salmonella enterica sv. Typhimurium identified 

and characterized the interaction between the FliS and FlgM proteins.  FliS bound FlgM 

in 1:1 stoichiometry, resulting in stabilization of FlgM, and competed with SigD (FliA) 

for FlgM binding.  Stronger biophysical interactions were observed in SigD-FlgM 

complexes compared to FlgM-FliS complexes (88).  FliS also bound and protected FlgM 

from secretion prior to the induction of flagellin synthesis. 

Upon late flagellar gene induction, flagellin expression resulted in a binding 

partner switch, reminiscent of the FliW-CsrA system of B. subtilis, and allowed FliS to 

interact with flagellin, and FlgM to be secreted through the flagellar pore.  Similarly, in 

Yersinia pseudotuberculosis, a fliS lesion impaired motility and increased biofilm 

formation on biotic surfaces (286).  Importantly, late-stage flagellar gene transcription 

was negatively regulated by FliS-mediated intracellular retention of FlgM (286).  As C. 
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difficile encodes two fliS genes, this may represent a novel mechanism of toxin gene 

regulation through SigD sequestration until later stages of growth. 
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RATIONALE AND SIGNIFICANCE 
 

 Variations in flagellar gene expression among circulating strains could 

significantly impact colonization and virulence phenotypes of C. difficile, influencing the 

pathogenesis of clinically relevant OA-CD lineages, including BI/027/NAP1.  To 

examine this, we undertook a fully quantitative, comparative proteomics analysis 

examining alterations in flagellar expression among recent outbreak strains of this 

lineage, and an archived, historical non-OA-CD isolate (BI-1).  Components of the C. 

difficile flagellar system were differentially abundant between these strains.   

Flagellin can induce great transcriptional change within C. difficile, but these 

changes have yet to be robustly explored at the protein and phenotypic levels.  The 

impact of fliC inactivation on C. difficile strain BI-1 virulence is also reported here, and is 

compared to BI/027/NAP1 clinical isolates.  Alterations in toxin expression, attachment 

and sporulation are further explored in the BI-1 strain background in vitro, supplemented 

with analysis of virulence of flagellar mutants in the Syrian Golden Hamster model of 

acute CDI. 
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METHODS 
 

Clinical isolates, bacterial culture, and cell culture conditions.  C. difficile clinical 

isolates were grown under anaerobic conditions in an anaerobic chamber (COY 

Laboratories, Grass Lake, MI) using a 5% CO2/5% H2 gas mixture (Air Liquide, Santa Fe 

Springs, CA) at 37°C.  Bacto® Brain-heart infusion (BHI, Becton-Dickenson, Sparks, 

MD) base media supplemented with 0.1% cysteine (BHIS) was used for recovery of 

strains frozen in BHI-glycerol at -80°C.  Un-supplemented BHI was used for C. difficile 

propagation for experimental procedures unless otherwise noted.  Taurocholate 

Cefoxtitin-Cycloserine Fructose agar (TCCFA) was utilized to determine spore titers 

from serially diluted stocks prior to gavage in hamster experiments, while BHIS was used 

to titer C. difficile vegetative cells in all instances.  All media was reduced in an 

anaerobic chamber for at least four hours prior to use.  Some CD clinical isolates utilized 

in this study were gifts kindly provided by Dr. Dale Gerding, VA Healthcare System, 

Chicago IL and Ed Kuijper, European C. difficile Study Group, Leiden University, 

Netherlands. 

Human HT-29 and Caco-2BBE (C2BBE) cells were purchased from ATCC and 

maintained at 37°C with 5% CO2 until the formation of confluent monolayers, and 

changed to serum-free media for 24 hours prior to use.  HT-29 cells were routinely 

maintained in McCoy’s 5A medium with 10% Fetal Bovine serum (FBS).  C2BBE cells 

were routinely maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 25mM 

glucose, 10% FBS, and 20mM HEPES (Invitrogen, Grand Island, NY). 
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Quantitative analysis of C. difficile growth.  C. difficile strains were cultured overnight 

in BHIS for 14 hours, and then standardized to an OD600 of 0.1 in 50mL BHI in 

biological triplicate.  Cultures were incubated anaerobically at 37°C, with 1mL aliquots 

taken every hour for 12 hours for quantification via optical density.  To determine 

maximal titer, 1mL of culture at maximal OD600 was serially diluted in pre-reduced 

anaerobic PBS and cultured on BHIS plates in biological triplicate.  Following 36 hours 

of anaerobic incubation, viable bacteria were enumerated and the titer was calculated.  

Appropriate antibiotics were utilized in all culture media as required. 

 

Quantitative measurement of C. difficile vegetative cell agglutination.  To measure 

agglutination rates for different C. difficile flagellar mutants, the method of Faulds-Pain 

et. al. (83) was used with minor modifications.  Briefly, a 14-hour overnight culture of C. 

difficile was diluted 1:50 in 400mL of pre-reduced BHI and separated into 72, 5mL 

aliquots in pre-reduced glass tubes.  Antibiotics were added to all culture media as 

required.  These aliquots were incubated for 12 hours at 37°C in anaerobic conditions.  

Each hour for 12 hours, six aliquots were removed from the chamber.  The OD600 was 

measured from the top 1mL of three of the selected tubes.  This value was recorded as the 

unmixed OD600.  The remaining three tubes were briefly vortexed, and the OD600 was 

measured from these tubes and recorded as the mixed OD600.  The percent agglutination 

was calculated by dividing the average of the three unmixed OD600 values by the average 

of the mixed OD600 values. 
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ClosTron-mediated generation of C. difficile flagellar mutants.  The ClosTron system 

was used to generate all flagellar mutants used in this work (141).  Targets for 

mutagenesis were identified suing publicly available C. difficile whole genome sequence 

data, or sequence data generated in the Vedantam laboratory.  Gene-specific constructs 

for ClosTron disruption were custom synthesized and cloned into the vector pMTL007C-

E5, and subsequently transformed into E. coli DH10B (DNA 2.0, Newark, CA).  

Plasmids were recovered from 5 mL of overnight culture grown in LB + 25 μg/mL 

chloramphenicol using the GeneJET Plasmid Miniprep Kit (ThermoFisher, Waltham 

MA) and transformed into the E. coli donor strain CA434 by electroporation for 

conjugative mating.  Transformed bacteria were selected for using LB plates containing 

25μg/mL chloramphenicol, and 100 μg/mL spectinomycin. 

Prior to conjugation, selected E. coli colonies bearing pMTL007C-E5 were 

cultured overnight in 5mL BHIS containing 12.5μg/mL chloramphenicol.  The C. difficile 

recipient strain was also cultured in 5mL BHIS without antibiotic selection.  A single 

milliliter of E. coli overnight culture was aliquoted and centrifuged gently at 4000xg for 1 

minute to pellet the cells.  The supernatant was removed and the cells were gently 

resuspended in BHIS without antibiotics to remove the residual chloramphenicol.  The 

cells were centrifuged again at 4000xg for 1 minute and the supernatant was removed.  

Conjugations were set up on BHIS plates by gently re-suspending the pelleted E. 

coli CA434 donor strain bearing pMTL007C-E5 in 200 μL of the overnight C. difficile 

culture.  The slurry was then spotted onto the plates using eight, 25μL aliquots.  The 

plates were incubated right side up at 37°C between 14 hours to overnight depending 

upon the recipient C. difficile strain which resulted in conjugation patches (overnight was 
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routinely used for C. difficile strain BI-1, while 14 hours was routinely used for C. 

difficile strain CDC1).  Conjugation patches were recovered in 1mL of anaerobic PBS, 

and plated on BHIS supplemented with 15μg/mL thiamphenicol, 250μg/mL cycloserine, 

and 8μg/mL cefoxitin (BHIS-TCC) to select for C. difficile trans-conjugants and counter-

select against the E. coli donor strain.   

Resulting C. difficile trans-conjugate colonies were re-struck to BHIS containing 

either 2μg/mL erythromycin in the case of strain 630Δerm, or 20μg/mL lincomycin for 

all other strains to isolate potential integrant strains harboring gene-specific disruptions.  

The EBS PCR primer (141) were used to molecularly verify intron integration.  Strains 

were screened for target gene-specific integrations by PCR using primers immediately 

flanking the predicted intron-exon junction, and by primers flanking the target gene as 

necessary to confirm mutagenesis.  Following confirmation of successful gene-specific 

integration, generated flagellar ClosTron mutants were cured of their plasmids by serial 

passage on BHIS without antibiotic selection.  Plasmid loss was verified by screening on 

BHIS containing 15μg/mL thiamphenicol.   

 

Plasmid-mediated complementation of C. difficile flagellar mutants.  Plasmid-

complementation of C. difficile ClosTron mutants was accomplished through use of the 

pMTL8000 series of modular plasmids (141).  Target genes, including 150bp of upstream 

sequence to capture cryptic promotors, were amplified from C. difficile chromosomal 

DNA using gene-specific primers.  Depending upon the utility of the available restriction 

enzyme sites, the resulting amplicons were either directly cloned into the pMTL-series 

destination vector using restriction sites engineered into the primer sequence, or were 
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sub-cloned into the vector pGEM®-T Easy (Promega, Madison, WI) using a T/A cloning 

strategy, transformed into either E. coli GC5™ (Sigma-Aldrich, St. Louis, MO) or One 

Shot® Top10 (Invitrogen, Carlsbad, CA), and screened by blue/white screening on LB 

plates supplemented with 150µg/mL ampicillin as per manufacturer’s instructions.  Gene-

containing fragments were isolated by restriction digestion and ligated into either 

pMTL82151 (complementation) or pMTL82153 (overexpression) and transformed into 

either E. coli One Shot® Top10 or GC5™.  Transcription is driven from the native C. 

difficile promotor in the case of pMTL82151, or from a constitutively active promotor pfx 

in the case of pMTL82153 resulting in overexpression of the target gene. 

 Constructed complementation plasmids were isolated from E. coli using the 

GeneJET Plasmid Miniprep Kit and transformed into the E. coli CA434 donor strain.  

Transformants were selected for on LB with both 100µg/mL spectinomycin and 

25µg/mL chloramphenicol, and selected colonies were grown overnight at 37°C in 5mL 

BHIS containing 12.5 μg/mL chloramphenicol.  Selected C. difficile mutants were also 

grown overnight in 5mL pre-reduced BHIS.   

One milliliter of E. coli CA434 overnight bearing the desired complementation 

vector was centrifuged for one minute at 4000xg to pellet the cells.  The pellet was gently 

re-suspended in one milliliter BHIS to remove residual chloramphenicol, and 

subsequently centrifuged again for one minute at 4000xg.  The supernatant was removed 

and the cell pellet was transferred to the anaerobic chamber.  In the anaerobic chamber, 

the pellet was re-suspended gently in 200μL of overnight culture of the pMTL007C-E5-

cured C. difficile mutant for complementation.  The slurry was then patched to a BHIS 

plate by spotting eight, 25μL aliquots and the plate was incubated right side up at 37°C 
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for 14-24 hours depending upon the strain background of the C. difficile mutant as 

previously described.  The resulting patches were scraped from the plate and re-

suspended in 1mL of pre-reduced PBS.  C. difficile transformants were selected for by 

plating on BHIS-TCC, and presumptive complemented strains were isolated to BHIS 

containing 25μg/mL thiamphenicol and screened for the presence of the pMTL plasmid 

by PCR. 

 

Measurement of C. difficile motility.  Motility was measured in either BHI motility 

deeps, or using low percentage agar motility plates.  BHI soft agar deeps containing 

0.175% agar were inoculated from saturated broth culture.  Single colonies were selected 

from plates after 24 hours of growth, and subcultured in 5mL of BHI for 16 hours.  

Approximately 5μL of culture was collected and stabbed into the semi-sold media.  

Motility stabs were allowed to incubate 24-48 hours at 37°C and photographed to 

document phenotypes.  For quantitative plates, 20mL of 0.3% BHI was pipetted into 6 

well tissue culture plates (ThermoFisher) and allowed to air dry for two hours in a 

laminar flow hood.  Plates were subsequently reduced in the anaerobic chamber for 4 

hours prior to inoculation.  Plates were inoculated with 5μL of liquid overnight culture, or 

growth from a colony in non-quantitative circumstances.  Plates were then wrapped with 

plastic wrap and stored inside a sealed Tupperware container with damp paper towels for 

48-72 hours to prevent dehydration.  Following incubation, plates were removed, 

photographed, and motility diameters were measured for quantitative comparison. 
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Microscopic visualization of C. difficile flagella, animal tissue, and bacterial 

attachment.  For visualization of flagellar phenotypes, CD strains were cultured 

overnight on BHI agar under previously described conditions.  Thirteen millimeter agar 

plugs containing single colonies from each strain were fixed in 2% glutaraldehyde 

(wt/vol) and post-fixed with 1% osmic acid (wt/vol).  Tissue samples were harvested 

from the animal and immediately fixed for 24 hours in 2% glutaraldehyde at 4°C.  For 

scanning electron microscopy (SEM) of C. difficile attachment, confluent C2BBE 

monolayers were prepared and infected at an MOI of 1:50.  Following infection, 

monolayers were washed twice in PBS and fixed overnight in 2% glutaraldehyde at 4°C.  

Samples were washed in double distilled water (ddH2O) and successively dehydrated in 

ethanol/ddH2O at the following concentrations: 15%, 30%, 50%, 60%, 70%, 80% 

(vol/vol), and three times in 100% ethanol.  The samples were then dried in a Polaron 

Critical Point Dryer (Quorum Technologies, Laughton, East Sussex, UK), mounted on 

aluminum specimen mounts, and sputter coated with ~10nm Platinum in an Hummer VI 

Sputtering System (Anatech, Battle Creek, MI).  Electron micrographs were obtained 

using the Hitachi S-4800 Type II Field-Emission Scanning Electron Microscope (Hitachi 

High Technologies America, Dallas, TX). 

 

Protein processing, iTRAQ labeling, and peptide fractionation.  Bacterial cell pellets 

were resuspended in 400μL of 0.5 M triethylammonium bicarbonate (TEAB) buffer and 

sonicated for 75 seconds in 15-second pulses to lyse cells.  Supernatants free of cell-

debris were obtained by centrifugation at 20,000xg for 30 minutes at 4°C, and protein 

concentrations were determined using the BCA assay (Pierce, Rockford, IL).  A total of 
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100μg of protein in 20μL 0.5 M TEAB from each sample was denatured using 1μL of 2% 

SDS, reduced using 1μL of 100 mM tris-(2-carboxyethyl) phosphine, and alkylated in 

1μL of 84mM iodoacetamide.  Trypsin was added at a ratio of 1:10 to digest the 

protein, and digestion reactions were incubated for 18 hours at 48°C.  iTRAQ reagent 

labeling was then performed according to the manufacturer’s instructions (Applied 

Biosystems, Foster City, CA). 

A two-dimensional liquid chromatography approach was used to separate the 

resulting peptides. First, strong cation-based fractionation (SCX) of labeled, tryptic 

peptides was performed on a 600E HPLC system (Waters, Milford, MA), using a 4.6 X 

250mm polysulfoethyl aspartamide column (PolyLC, Maryland, U.S.A.) at a flow rate of 

one milliliter/min.  Nine SCX fractions were collected, dried completely, and then 

resuspended in nine microliters of 2% (v/v) ACN, 0.1% (v/v) trifluoroacetic acid.  For 

second dimension separation by reverse phase nanoflow LC, each SCX fraction was 

autoinjected using an NanoLC-Ultra-2D Plus (Eksigent, Dublin CA) and a cHiPLC 

Nanoflex (Eksigent) onto a 200µm x 0.5mm Chrom XP C18-CL 3µm 120Å Trap 

Column and eluted through a 75µm x 15cm Chrom XP C18-CL 3µm 120Å Nano 

cHIPLC Column. The elution gradient was 95% C/ 5% D (300nl per minute flowrate) to 

65% C/35% D in 120 minutes, 15 % C/85% D from 120 to 130 minutes, then 95% C/5% 

D from 130-150 minutes. 

 

Mass spectrometry and protein quantitation.  Each sample fraction was analyzed on 

an ABSciex TripleTOF 5600+ (SCIEX, Redwood City, CA) mass spectrometer using the 

following settings: Parent scan acquired for 250 milliseconds, then up to 50 MS/MS 
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spectra acquired over 2.5 seconds for a total cycle time of 2.8 seconds. Gas 1(Nitrogen) = 

9 Gas 3(Nitrogen)= 25. When the MS and MS/MS spectra from all the fractions in the 

sample set had been acquired, protein identification and quantitation were performed 

using the Paragon algorithm as implemented in Protein Pilot 5.0 software (ProteinPilot 

5.0, which contains the Paragon Algorithm 5.0.0.0, build 4632 from ABI/MDS-SCIEX).  

Refseq databases of Clostridium difficile BI1: 

(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/211/235/GCF_000211235.1_ASM2112

3v1/GCF_000211235.1_ASM21123v1_protein.faa.gz) and QCD-23m63: 

(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/155/065/GCF_000155065.1_ASM1550

6v1/GCF_000155065.1_ASM15506v1_protein.faa.gz) were used to search 027 and 078 

RTs, respectively. 

 

Generation of recombinant HIS-FliC fusion protein.  Purification of recombinant His-

FliC was accomplished using the pTricHis2 TOPO® TA expression kit (ThermoFisher) 

and the ProBond His-purification system (ThermoFisher).  Briefly, the coding sequence 

of the fliC gene from C. difficile strain BI-1 was amplified from chromosomal DNA 

using specific primers designed to exclude the final stop codon.  PCR amplification was 

performed using Phusion-HF high fidelity polymerase (ThermoFisher), and the resulting 

amplicons were size verified via gel electrophoresis.  Adenine overhangs were added to 

the amiplicons using 1U Taq DNA polymerase (New England BioLabs, Ipswich, MA) 

and 10mM dATP (New England BioLabs) for 20 minutes at 72°C. Following the 

incubation, products were subsequently purified using the GeneJET PCR Purification Kit 

ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/211/235/GCF_000211235.1_ASM21123v1/GCF_000211235.1_ASM21123v1_protein.faa.gz
ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/211/235/GCF_000211235.1_ASM21123v1/GCF_000211235.1_ASM21123v1_protein.faa.gz
ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/155/065/GCF_000155065.1_ASM15506v1/GCF_000155065.1_ASM15506v1_protein.faa.gz
ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/155/065/GCF_000155065.1_ASM15506v1/GCF_000155065.1_ASM15506v1_protein.faa.gz
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(ThermoFisher), cloned into E. coli DH5α, and selected on LB supplemented with 

50µg/mL ampicillin.     

Recombinant protein induction and purification were accomplished as per the 

manufacturer’s recommendations with minor modification.  Briefly, colonies confirmed 

to be carrying the pTrcHis2-TOPO vector with the C. difficile fliC insert were grown 

overnight in 10mL LB containing 50μg/mL ampicillin and subcultured 1:50 in 50mL of 

LB Amp to an OD600 of 0.6 (mid-log).  Cells were induced with 1mM IPTG for four 

hours, and harvested by centrifugation at 3000xg for 15 minutes at 4°C.  Cells were lysed 

with 6M guanidium-HCl, incubated with resin, purified over the ProBond Ni column 

under denaturing conditions.  Isolated recombinant protein was dialyzed against PBS, 

concentrated over a 3kDa molecular weight cut-off column (Sigma-Aldrich, St. Louis, 

MO), and verified by western blotting against both the recombinant protein using an anti-

C. difficile FliC antibody at a concentration of 1:17,500 (this work), and the HIS-Tag 

using an anti-HIS antibody at a concentration of 1:500 (Abcam, Cambridge, MA).    

 

Generation of FliC antisera.  Antibodies were raised against FliC in rabbits using 

flagellin isolated both directly from CD clinical isolates (glycosylated), as well as 

recombinant HIS-FliC (non-glycosylated).  To isolated glycosylated flagellin, C. difficile 

BI-1 was grown on multiple BHI plates for 24 hours, and harvested in 10mL water.  The 

sample was diluted to an OD600 of 1.25 and separated into 50, 1mL preparations.  These 

preparations were vortexed vigorously for three minutes to shear flagella from the C. 

difficile cell surface.  Isolated flagella were further purified from other contaminating 

surface proteins by preparative gel electrophoresis through an 18% Criterion PAGE gel 
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for 18 hours at 170 volts, and stained with Coommassie blue to visualize bands.  FliC 

band identification was confirmed by LC-MS.  

Non-glycoyslated C. difficile FliC was obtained by recombinant protein 

expression and purification as previously described.  Both protein species were purified, 

and polyclonal rabbit antiserum was raised by Alpha diagnostics (San Antonio, TX) per 

standard protocols. 

 

FliC immunoblotting. CD flagella fractions were isolated from either culture grown in 

BHI broth or on 24 hour BHI plates and normalized to an OD600 = 1.5 by shearing from 

the cell surface.  Surface proteins were isolated by vortexing for three minutes followed 

by centrifugation to remove cells, and concentration of the supernatant in a Vacufuge™ 

vacuum desiccator (Eppendorf, Hauppauge NY).  Dried proteins were resuspended in 

10μL water prior to normalization by BCA assay and electrophoresis. 

Alternately, FliC was obtained by low pH glycine extraction by the method of 

Fagan and Fairweather (81).  Briefly, C. difficile cultures were grown for 18 hours, and 

then pelleted by centrifugation for 10 minutes at 4000 rpm.  Pellets were washed in PBS 

and resuspended in a 1/100 volume of 0.4M low pH glycine (pH 2.2), and gently agitated 

at room temperature for 20 minutes.  Samples were fractionated by centrifugation a 4°C 

for 10 minutes, and the supernatants were collected, neutralized by the addition of 2M 

Tris-Base, and stored at -80°C.  Prior to PAGE and electrotransfer to nitrocellulose 

membranes, sample concentrations were normalized by BCA Protein Assay. 

Membranes were routinely probed with anti-C. difficile FliC antibody at a 

concentration of 1:17,500, followed by a horseradish peroxidase-conjugated goat anti-
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rabbit IgG secondary antibody at a concentration of 1:10,000.  Reactive protein bands 

were detected using the SuperSignal™ West Femto Maximum Sensitivity 

chemiluminescent substrate (ThermoFisher), and detected using BlueDevil 

Autoradiography Film (Genesee Scientific, San Diego, CA) and an SRX 101A medical 

film radiography processor (Konica Minolta USA, Wayne NJ). 

 

Toxin ELISA.  The Alere Wampole A/B Toxin ELISA kit (Alere, Atlanta GA) was 

utilized to determine relative levels of combined TcdA and TcdB secreted by C. difficile 

strains.  Ten biological replicates of each strain to be tested were grown for 72 hours in 

BHI broth, and supernatant was harvested by centrifugation.  Antibiotics and culture 

media additives were utilized as appropriate.  Supernatants were diluted 1:10, 1:100, and 

1:1000 in fresh BHI and processed for ELISA as per the manufacturer’s instructions to 

determine the appropriate working concentration.  Prior to analysis, the amount of total 

protein was normalized using the BCA assay (Pierce) to allow direct comparison of toxin 

secretion levels among different C. difficile strains.  In the case of hamster cecal contents, 

500µL of liquid cecal contents were centrifuged for 10 minutes at 15,000 rpm at 4°C to 

pellet fecal debris.  Following centrifugation, 50µL of supernatant was taken for ELISA.  

The remaining supernatant volume was then transferred to a clean microfuge tube for 

storage a -80°C for indefinite storage.   

Following assay processing as per the manufacturer’s instructions, quantification 

of C. difficile toxin was performed by reading absorbance at 450nm using an automated 

microtiter plate reader (Bio-Tek, Winooski VT).  Validation of ELISA results were 
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performed with C. difficile toxin A and toxin B specific antibodies (Abcam) and western 

blotting using 72-hour supernatant as described below in selected cases. 

 

Toxin immunoblotting.  Temporal expression of C. difficile toxins was monitored by 

immunoblotting.  Briefly, 35mL cultures of C. difficile grown in BHI for 24-72 hours 

were fractionated by centrifugation at 4000 rpm for 15 minutes to pellet spores and 

vegetative cells.  The supernatant removed and concentrated over 100kDa molecular 

weight cut-off columns (EMD Millipore, Billerica, MA) to a volume of 500μL.  Samples 

were normalized by BCA protein assay (Pierce), and separated on 7.5% TBX-PAGE gels 

(BioRad, Hercules, CA) at 90V for 1.5 hours.  Proteins were electro-transferred to 

nitrocellulose membranes using and immunoblotted against both TcdA and TcdB using 

monoclonal antisera (AbCam) at 1:5000 concentration.  Samples were detected using a 

secondary horseradish-peroxidase conjugated rabbit anti-mouse IgG antibody at 1:10,000 

concentration, and visualized using SuperSignal™ Femto West Substrate.  Reactive 

bands were detected using autoradiography film as previously described. 

 

Quantitative measurement of C. difficile attachment to Caco-2 BBE cells.  C. difficile 

clinical isolates and associated flagellar mutants were tested in an adhesion assay format 

which has been previously described and validated in the Vedantam laboratory (170).  

Briefly, a confluent C2BBE monolayer in six well cell culture dishes was enumerated.  

One well was used as a sterility control and mock infected with PBS, and the remaining 

four wells were infected with C. difficile at a MOI of 50.  C. difficile vegetative cells were 

grown in BHI to an OD600 of 0.4, washed, and resuspended in serum-free medium 
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containing 25mM CaCl2 prior to being applied to the C2BBE monolayer inside the 

anaerobic chamber.  The inoculum was subsequently serially diluted in PBS, plated, and 

enumerated on pre-reduced BHIS plates.  Following 40 minutes of incubation at 37°C in 

the anaerobic environment, the supernatant was removed and the C2BBE monolayer was 

washed three times with pre-reduced PBS to remove non-adherent bacteria.  The 

monolayer was then scraped from the bottom of the culture dish and resuspended in 1mL 

of pre-reduced PBS.  The suspension was then serially diluted in PBS and plated on 

BHIS plates, and adherent bacteria were enumerated and expressed as a percentage of the 

inoculum.  Each assay was repeated three times in biological quadruplicate for each strain 

tested. 

 

Infection and analysis of virulence the Syrian Golden hamster.  C. difficile wild type 

and isogenic fliC mutants were tested in the hamster model of acute CDI.  All animal 

studies were approved by the University of Arizona Institutional Animal Care and Use 

Committee (IACUC) and under a permit issued to the Vedantam laboratory.  Male Syrian 

Golden Hamsters (Charles River Laboratories, Wilmington MA) weighing between 90g 

and 100g, and aged between 6-7 weeks were used for these studies.  All animals were 

orally dosed with 30mg/kg clindamycin four days prior infection with C. difficile to 

assure dybiosis of the hamster endogenous microflora.  C. difficile spores for each strain 

used were prepared by pelleting two week-old cultures grown in BHIS by centrifugation. 

The resulting spore pellet was washed twice with ice-cold water, and re-suspended to a 

volume of 1mL.  Semi-purified spores were then subjected to a heat shock of 65°C for 20 

minutes to inactivate any remaining vegetative cells, assuring only C. difficile spores 



 

101 
 

were inoculated into the animal.  The purified spores were then harvested, serially 

diluted, and plated on TCCFA to determine an accurate titer of infection.  Each hamster 

was given 1000 spores orally of the indicated C. difficile strain.   

Hamster weights were monitored throughout the course of the experiment, and 

moribund animals, (defined by the exhibition of clinical signs of gastrointestinal 

infection, or a loss of ≥20% of total body weight) were euthanized in accordance with 

standards as defined by the University of Arizona IACUC.  Kaplan-Maier statistical 

analysis was used to examine mean time to death for each strain tested.  Dead or 

euthanized animals were subsequently necropsied, and gross anatomical observations of 

the gastrointestinal tract were recorded and intestinal organs were photographed.  Cecal 

contents were collected and normalized by volume to determine the C. difficile spore 

burden per gram tissue.  Cecal contents were also analyzed by C. difficile toxin ELISA to 

determine the relative amount of toxin present at the time of either sacrifice or death. 

 

Histological preparation of animal tissues.  Animal tissue was harvested and fixed in 

either 10% buffered formalin for histological analysis by hematoxylin and eosin staining 

(H/E) of mounted sections, or 2% glutaraldehyde for SEM analysis of tissue 

ultrastructure.  Fixed samples were submitted to the Veterinary Diagnostic Laboratory at 

the University of Arizona for routine paraffin embedding, sectioning, and H/E staining.  

Whole mount tissue was dehydrated and processed for ultrastructural analysis by SEM as 

previously described. 
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Analysis of C. difficile biofilm formation.  Biofilm formation in C. difficile was 

evaluated using the protocol of Pantaléon et. al. (190) with minor modifications.  Briefly, 

overnight C. difficile cultures were inoculated at a 1:100 dilution into 10mL of BHIS 

containing 100mM glucose.  1mL of culture per well in a 24-well cell culture dish was 

incubated anaerobically for 72 hours at 37°C.  To avoid evaporation, empty wells were 

filled with 1mL PBS, and the culture dish was sealed with parafilm and placed inside a 

Tupperware container with damp paper towels.  After 72 hours, the culture dish was 

removed from the chamber and the supernatant was aspirated using a vacuum line to 

assure uniformity.  Biofilms were washed twice with 1.5mL PBS, and fixed for 20 

minutes at 37°C in a dry well.  Biofilms were stained for 30 minutes with 1mL of 0.2% 

filter-sterilized crystal violet (CV), and subsequently washed twice with 1.5mL PBS and 

photographed.  For quantification of biofilm growth, crystal violet was released by 

treating the well with 1mL of 80% ethanol/20% acetone for 30 minutes.  100μL aliquots 

from each test well were quantitated in triplicate at an absorbance of 570nm using an 

automated plate reader (BioTek). 

 

Sporulation assays.  Sporulation efficiency assays were performed as previously 

described by Mackin et. al. (158) with minor modifications.  Briefly, overnight C. 

difficile cultures grown in BHIS were diluted 1:50 in 10mL of BHIS, and grown to mid-

exponential phase (OD600 = 0.4-0.6) to minimize the potential for spore transfer.  The 

resulting cultures were then diluted 1:50 in 35mL of BHIS and incubated at 37°C for five 

days.  Every 24 hours, two, 1mL aliquots of culture were collected.  One aliquot was 

heat-shocked at 65°C for 30 minutes, serially diluted in PBS, and plated on BHIS 
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supplemented with 0.1% taurocholate (BHIS-T) to enumerate the number of spores.  

Additionally, a second milliliter was collected and plated directly without heat shock on 

BHIS-T to enumerate the total number of spores and viable vegetative cells in the culture.  

Sporulation efficiency was determined by dividing the number of colonies observed on 

heat shocked plates (spores) by the number of colonies observed on non-heat shocked 

plates (total) and the value was recorded as a percentage of the viable count. 
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RESULTS AND DISCUSSION 
 

Clinical C. difficile isolates exhibit variant motility patterns with respect to the 

genetic architecture of their native flagellar loci.  Three distinct organizations of the C. 

difficile flagellar locus have been identified to date, with significant variation detection 

within the F2 and F3 regions (272).  In order to examine the influence of C. difficile 

flagellar locus architecture on motility and flagellar assembly, representative strains of 

each flagellar architecture type (referred to in this document as types A, B, and C) were 

selected for both motility analysis and high resolution scanning electron microscopy.  

The historic, non-OA-CD RT 027 strain BI-1 was selected as the representative of type A 

flagellar architecture, while the laboratory strain 630Δerm RT 012 was selected as the 

representative strain of type B flagellar architecture.  CDC1, a RT 078 clinical isolate, 

was selected as a representative strain for type C flagellar architecture (Figure 2.1A).    

Strains of flagellar locus types A and B carry the region in its entirety and were motile, 

while type C was non-motile due to a lack of flagellar assembly.  The loss of F3 flagellar 

structural genes and sigD is believed to be the cause of the lack of flagellar biogenesis in 

these strains.  Flagellar structures could be easily visualized on the cell surface of motile 

strains by high resolution SEM, but were absent from the surface of the type C strain 

CDC1 (Figure 2.1B).  
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A 

Figure 2.1.  Motility phenotypes of divergent C. difficile flagellar locus types.    A)  
Genetic organization and composition of representative flagellar loci from different C. 
difficile evolutionary lineages.  Subcellular locations of genes encoded in each region 
are designated above each flagellar region, and the number of open reading frames per 
region is designated.  The location of gene products of each of these regions in the 
context of the assembled C. difficile flagellum is depicted at right.   B)  High 
resolution SEM visualizing flagellar structures of motile C. difficile strains BI-1 and 
630Δerm, and the lack of flagellar structures on the non-motile strain CDC1.  Low 
percentage agar motility analysis demonstrating the motility of C. difficile strains BI-1 
and 630Δerm, and a lack of motility in strain CDC1.  C)  Clinical isolates used 
analyzed in this work, indicated with their respective RTs and flagellar locus type. 
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C. difficile isolates with different flagellar locus architectures exhibit variable levels 

of flagellar protein sequence conservation.  To examine C. difficile flagellar protein 

conservation, a comparative analysis was undertaken in silico using 32 strains 

encompassing each of the three variant flagellar locus architectures (Figure 2.2A).  The 

plot represents the protein identity of all components of the flagellar locus with respect to 

the archetypal flagellar locus type A strain BI-1.  Not surprisingly, strains harboring the 

same flagellar locus architecture exhibited high levels of protein sequence conservation 

among members of the same architectural type, but protein sequences were less 

conserved when examining strains of different flagellar locus types.   

The three regions of the flagellar locus can be easily distinguished using this 

alignment scheme, as the F2 region appears absent in the type B strains due to differential 

gene carriage within this region.  Interestingly, there appears to be some variation in the 

protein sequence of multiple components of the F1 and F3 regions when comparing 

isolates harboring type A and type B C. difficile flagellar loci.  These variations may be 

indicative of evolutionary adaptations used to accommodate the different FliC 

glycosylation systems of the F2 region, or variation in the sequence of the FliC protein 

(Figure 2.2B).  The absence of an F3 region can be clearly observed in the type C 

flagellar architecture among isolates of the 078 RT.  

As the F1 flagellar region is conserved among all isolates sequenced to date, this 

region is of particular interest when considering the sequence of its components.  C. 

difficile strains of flagellar architecture type A (BI-1) and type C (CDC1) harbor F1 

regions that are more similar on the sequence level that those harboring type B 

architectures.  A number of these proteins are dedicated to the regulation and trafficking 
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of both the FliC and FliD proteins during flagellar biogenesis.  This observed variation 

among within the F1 region may therefore be due to variation in FliC sequence among 

types A and B, which must interact with F1 chaperones (Figure 2.2B).  Indeed, the 

sequence of the FliC protein shares 98.9% identity between BI-1 (type A) and strain 

M120 (type C), while only 87.5% identity between BI-1 and 630 (type B) (Figure 2.2C).  

A similar pattern is observed with respect to FliD which is 80-90% identical between 

strains with type A and B architecture (data not shown).  These differences likely 

influence the sequences of additional genes in the F1 regions which interact with both 

FliC and FliD as regulators and chaperones. 

It is also interesting to note the retention of both the F1 and F2 regions in strains 

harboring the type C flagellar locus architecture.  While these strains are non-motile and 

aflagellate, preliminary studies suggest that the fliC gene is still transcribed, but detectible 

protein cannot be identified from cell lysate by western blotting using C. difficile strain 

CDC1 (data not shown).  It is tempting to speculate that there may be selective pressure 

to maintain both regions due a yet undetermined auxiliary role in C. difficile biology 

beyond flagellar-mediated motility.  During the course of this work, potential clues as to 

the nature of this undetermined secondary role will be further explored (see Figures 2.14, 

2.18, 2.22, 2.23).  While elucidation of the mechanistic interactions of C. difficile 

flagellar system elements is beyond the scope of this work, many of the studies in this 

chapter serve as preliminary inquiries and foundations for extended and more targeted 

analysis of such mechanisms. 
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Mapping of the C. difficile F1 flagellar region.  The F1 flagellar region has been 

identified in all sequenced C. difficile strains to date, and it is the only C. difficile 

flagellar region which exhibits invariant genetic synteny (Figure 2.2D, top panel).  The 

genes of this region encode proteins that are involved in production of the flagellar hook 

(in blue), trafficking of FliC and FliD (in red) to the basal body, and regulation of FliC 

and FliD synthesis (in purple).  The final gene in the region encodes a glycotransferase, 

Gt1 (in green), involved in the initial steps of the post-translational modification of the 

FliC protein that is required for flagellar assembly. 

in silico promotor mapping has determined that genes of the F1 region ranging 

from flgM to the end of the region are under the transcriptional control of sigma factor 

SigD, while the first gene in the locus fliN is under the control of the housekeeping sigma 

factor SigA.  These transcriptional programs have not yet been determined to be 

exclusive, as read-through from the SigA promotor (pSigA) could potentially occur.  

Additionally, data from complementation studies (this work) suggests that there may be a 

number of cryptic promotors which have yet to be identified within this region.  No 

experimental evidence is currently available with respect to promotor activity in the F1 

flagellar region, and a comprehensive promotor map of the region has yet to be 

generated.   

The sigD gene is encoded in the F3 region, and its transcription is regulated both 

by SigA, as well as SigD (Figure 2.2D, bottom panel).  As previously discussed, and in 

direct contrast to members of the genus Bacillus sp., no SigD promotor has been 

identified at the beginning of the F3 region in C. difficile.  Thus, C. difficile flagellar gene 

transcription and the induction of flagellar biogenesis appears to be initially governed by 
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the housekeeping sigma factor SigA, followed closely by the alternative sigma factor 

SigD encoded in the F3 region.  Additional, robust promotor mapping experiments will 

be required to determine the definitive transcriptional dynamics and timings governing 

the C. difficile flagellar region. 
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Figure 2.2.  C. difficile strains encoding different flagellar locus architectures 
harbor unique flagellar genes.  A)  Comparison of protein conservation of the 
flagellar regions of 32 clinical isolates of C. difficile compared to strain BI-1.  Strain 
phylogenetic relationships as represented by the dendrogram were derived from whole 
genome sequence data. B) Alignment of the FliC protein sequence from three strains 
representing each of the three flagellar locus architecture types.  C)  Percent similarity 
and identity of each representative FliC protein sequence.  D) Schematic of the F1 
region of the C. difficile flagellar locus.  Promotors and predicted operons are 
indicated by black arrows along with the representative sigma factor predicted to be 
responsible for transcription.  Predicted gene product function is indicated by color.  
The sigD gene is also included in the F3 region, which drives transcription of F1 
genes. 

A 
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Construction of isogenic fliC mutants in C. difficile.  In order to assess the contribution 

of different flagellar components to flagellar biogenesis and C. difficile biology, isogenic 

mutations were constructed in target genes using the ClosTron system (141).  In this 

chapter, the flagellin mutant (fliC mutant) was used to interrogate the role of the molecule 

in C. difficile biofilm formation, cellular adhesion, toxin expression, and pathogenesis.  

The ClosTron system makes use of a lactococcal group 2 intron which is capable of being 

retargeted to inactivate a gene of choice in C. difficile (141).  The intron is harbored on a 

plasmid and contains an erythromycin-resistance marker which is interrupted by the self-

splicing group 1 intron.  Following transformation of C. difficile through conjugative 

plasmid transfer with E. coli CA434, retro-transposition of the intron causes a re-joining 

of the two fragmented ends of the ermB allele, resulting in a functional antibiotic 

resistance cassette (Figure 2.3A).  Erythromycin- or lincomycin-resistant integrant 

clones are then screened to confirm target gene-specific interruptions by PCR.  

Confirmatory PCRs using primers specific to the intron to assure proper splicing 

confirming genomic integration (EBS), and to the intron/exon junction to assure accurate 

targeting and gene-specific integration (Figure 2.3B) were used to screen each C. difficile 

mutant generated.  
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Figure 2.3.  Mutagenesis and confirmation of fliC interruption in C. difficile BI-1.  
Strategy for mutagenesis of the fliC gene in C. difficile BI-1 using the ClosTron 
system.  The fliC-specific intron was introduced into the strain on the plasmid 
pMTL007C-E5 fliC by conjugative mating from an E. coli CA434 donor strain.  The 
plasmid bears an erythromycin resistance gene ermB that is interrupted by a self-
splicing, group 1 intron.  Retro-transposition of the element results in excision of the 
group 1 intron and rejoining of the intact ermB allele interrupting the C. difficile 
chromosomal target resulting in loss of function.  Confirmation of ClosTron 
interruption of the fliC gene in BI-1 by ermRAM PCR and amplification over the 
intron/fliC junction.  Respective primer sites are indicated above the diagram.  
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Expression and purification of native and recombinant C. difficile FliC.  The FliC 

protein from C. difficile BI-1 was expressed in E. coli as a myc-HIS fusion protein, 

purified, and concentrated with the goal of generating enough protein to raise an 

antibody.  The resulting purified FliC-HIS was visualized by PAGE and was used to raise 

polyclonal C. difficile FliC-specific rabbit antiserum, which reacted specifically with the 

recombinant FliC protein (Figure 2.4A).  A second FliC antibody was also generated 

using native flagella sheared from the C. difficile BI-1 cell surface.  Importantly, these 

flagellar filaments contain native glycan moieties.  Sheared flagella were separated by 

preparative gel electrophoresis (Figure 2.4B) and used to raise polyclonal serum.  This 

preparation contained a small amount of the low molecular weight fragment of C. difficile 

SlpA (SlpALMW), which can be seen in some immunoblots as a cross-reactive species 

slightly above the FliC protein (Figure 2.4B).  In some instances, the high molecular 

weight SlpA fragment (SlpAHMW) is also visible upon immunoblotting and is utilized as a 

loading control (Figure 3.11B).  The rationale for generating a second antiserum was to 

ensure both the FliC protein, as well as any glycan modifications which may be present 

were able to be detected in subsequent immunoassays. The rabbit polyclonal antisera 

generated from these experiments were used to screen selected fliC mutants to confirm 

the loss of FliC protein expression (Figure 2.4C).  Loss of FliC expression was 

confirmed in both BI-1 (type A flagellar architecture) and 630ΔErm (type B flagellar 

architecture) fliC mutants.  Importantly, CDC1 (type C flagellar architecture) does not 

assemble flagellar filaments (Figure 2.1B), and therefore FliC cannot be detected in 

either the wild type for the cognate fliC mutant as surface preparations were used for 

screening purposes.  The CDC1 fliC mutant lesion was confirmed by PCR as previously 
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described.  Both the recombinant and native FliC antisera reacted with the same pattern 

against the panel of C. difficile fliC mutants, indicating that a least a portion of the 

antibodies raised against the native FliC extract target the FliC protein and not 

exclusively the flagellar glycans (data not shown). 
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Figure 2.4.  Generation of two C. difficile FliC-specific antisera.  FliC-specific 
antisera were generated using two methods.  A) Recombinant FliC was expressed and 
purified from E.coli.  The resulting polyclonal antiserum reacted with purified 
recombinant FliC as detected by immunoblotting.  B) FliC was mechanically sheared 
from the cell surface of C. difficile BI-1 by mechanically shearing the molecule and 
separating the proteins by preparative gel electrophoresis.  The resulting polyclonal 
antiserum specifically reacted with purified recombinant FliC.  C) Antiserum against 
the recombinant FliC protein was used to screen representative C. difficile fliC mutants 
by immunoblotting. 
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Insertional inactivation of fliC results in a loss of motility and flagellar assembly.  

Loss of FliC expression results in the loss of flagellar-mediated motility and flagellar 

assembly as visualized by high resolution SEM (Figure 2.5A).  Plasmid 

complementation of a BI-1 fliC mutant results in a rescue of both the motile phenotype, 

as well as the ability of the strain to assemble flagellar filaments (Figure 2.5B).  This 

observation was consistent when analyzing fliC mutants from all representative strains, 

with the exception of those strains harboring type C flagellar locus architecture (i.e. 

CDC1, RT 078) which are aflagellate (Figure 2.1B). 

 

Microscopic visualization of C. difficile flagellar filaments.  C. difficile flagella were 

observed on the surface of vegetative cells by high resolution SEM.  Flagellar filaments 

were consistently in peritrichous orientation on the cell surface of C. difficile strain BI-1, 

despite inconsistent reports that some RT 027 strains assemble monotrichous flagella 

(12).  As other surface appendages of bacteria (i.e. pili) can be mistaken for flagella 

during microscopic analysis, biophysical measurements of flagellar diameters were taken 

to differentiate these organelles from other potentially confounding surface structures.  C. 

difficile flagellar filaments were consistently measured between 17-23nm in diameter 

(Figure 2.5C), while pili were significantly more thin (Figure 2.8B), measuring between 

9-13nm in diameter (data not shown), allowing these structures to be visually 

differentiated. 
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Figure 2.5.  Mutagenesis of fliC results in a loss of flagellar-mediated motility and 
flagellar assembly in C. difficile.  A) BI-1 fliC mutants fail to assemble flagellar 
filaments as visualized by high resolution SEM (arrowhead), and are non-motile as 
determined by soft agar motility assays. B) Plasmid complementation of fliC restores 
the loss of motility in a fliC mutant.  C) Measurement of BI-1 flagellar filaments.  
False colored high resolution SEM highlights C. difficile BI-1 flagellar filaments (red) 
protruding from vegetative cells (purple).  Flagellar fibers within the white box 
measured consistently between 17-23 nm in diameter. 
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Loss of FliC expression does not impact C. difficile growth kinetics.  Prior to 

beginning any analysis of the impacts a loss of FliC expression would have on the C. 

difficile vegetative cell, careful measures were taken to assure no impact was exerted on 

C. difficile growth dynamics due to a fliC lesion.  Twelve hour growth kinetics 

experiments were undertaken to analyze each wild type, fliC mutant, and fliC 

complemented strain, and associated vector control (Figure 2.6A-C).  Importantly, no 

significant change in growth kinetics was observed irrespective of the strain background 

tested.   

In order to further verify these findings and assure no biophysical changes were 

occurring to the vegetative cells which might not be identified through spectroscopy-

centered experiments (i.e. alterations in vegetative cell size); cultures were serially 

diluted and enumerated to determine viable counts at the maximal OD600 for each culture.  

No significant difference was observed in the number of bacteria at maximal OD600 when 

comparing fliC mutants with their cognate parental strain irrespective of the strain 

analyzed (Figure 2.6A-C).  Data presented is an average of three biological replicates.  

Complemented strains exhibited altered growth kinetics and terminal titers in some 

instances due to the supplementation of the growth media with thiamphenicol in order to 

maintain positive selection for the complementation plasmid. 
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Figure 2.6.  Mutagenesis and complementation of fliC does not impact C. difficile 

growth kinetics.  Representative wild type, fliC mutant, and complemented of strains 

of A) BI-1 (RT 027), B) CDC1 (RT 078) and C) 630Δerm (RT 012) were analyzed in 

12 hour growth kinetic experiments.  Cultures titers were quantified at maximal OD
600 

to assure mutagenesis did not impact cell density during log and stationary phases. 
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Loss of FliC expression impacts the C. difficile cell surface.  Flagella often play 

important roles mediating bacterial interactions with the environment.  In the case of 

bacteria which colonize humans, flagella often play a critical roles in interactions with the 

host including facilitating colonization, mediating interactions with other colonizing 

bacteria, and aiding in invasion of underlying tissues in the case of pathogens.  In C. 

difficile, the role of flagella in host colonization is largely unknown.  Recent reports have 

highlighted the strain-specific roles these organelles play in both cellular attachment and 

biofilm formation (250), but a unified role for flagella in C. difficile biology remains 

elusive. To examine the role of C. difficile flagella in mediating attachment to host 

tissues, an in vitro assay using cultured human intestinal epithelial cells (C2BBE) was used 

(170).  C2BBE - C. difficile interactions were visualized by high resolution SEM (Figure 

2.7A).  In strain BI-1, fliC mutants were found to more robustly adhere to C2BBE 

monolayers than the wild type strain (Figure 2.7B); suggesting the presence of either 

flagella or the process of bacterial motility may be detrimental to colonization.  

Conversely, BI-1 fliC mutants may exhibit biophysical characteristics which may cause 

them to colonize host tissues more efficiently. 

To examine the biophysical characteristics of BI-1 fliC mutants when grown in 

broth culture, agglutination assays were undertaken to interrogate bacterial cell-cell 

interactions occurring throughout C. difficile growth.  Bacterial agglutination can be 

modulated by the composition of the surface proteins on bacterial cells which can alter 

both cell surface charge as well as hydrophobicity.  These changes can manifest as 

agglutination phenotypes when assayed in vitro.  Indeed, changes in the protein 
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composition of the S-layer (218) and pilus expression (26) occurring on the C. difficile 

cell surface impact cellular aggregation phenotypes. 

In this study, BI-1 fliC mutant vegetative cells were observed to agglutinate more 

robustly than BI-1 vegetative cells (Figure 2.7C), which may be indicative of an altered 

cell surface.  This finding may also contribute to the enhanced attachment phenotypes 

observed with this strain, as cellular agglutination resulted in the precipitation of the 

vegetative cells from suspension, leading to an enhanced interaction with the underlying 

C2BBE monolayer in the context of adhesion assays.  Interestingly, this agglutination 

phenotype was not observed in mutant vector control strains and plasmid complemented 

BI-1 fliC strains grown under antibiotic selection (Figure 2.7D).  This provides evidence 

that the observed agglutination phenotype may be a transient cellular response to changes 

in vegetative cell surface protein composition due to a loss of a major structural 

organelle. 

Attachment and agglutination studies were extended to two additional strains 

harboring variant architectures of the flagellar locus.  A fliC mutant of C. difficile strain 

630Δerm (type B) was examined, but did not exhibit an attachment or agglutination 

phenotype (Figure 2.8A).  This was significant as it is suggestive that the enhanced 

agglutination rates observed in the BI-1 background may either be strain-specific, or 

exclusive to strains harboring type A flagellar loci.  Significantly higher levels of 

attachment were uniformly observed in the non-motile, aflagellate strain CDC1 (type C), 

but no difference in either attachment levels or agglutination rates was observed between 

the wild type and its cognate fliC mutant (Figure 2.8B).  Thus, a unified phenotype with 
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respect to attachment to C2BBE cells cannot be identified for fliC mutant C. difficile 

strains.   

Contrasting reports in the scientific literature exist as to the impact a loss of FliC 

expression has on C. difficile attachment.  In the laboratory adapted strain 630Δerm, it 

was reported that fliC mutants adhere more robustly than wild type (12, 66).  By contrast, 

fliC mutants of the OA-CD strain R20291 adhere less well than their wild type 

counterparts (12).  Results such as these are likely confounded by inconsistency in the 

method used to measure C. difficile attachment (ranging from qPCR (66) to viable counts 

using non-standardized MOIs (12)).  Standardization of the methods used to measure C. 

difficile attachment will be paramount in the future when investigating the strain-specific 

contribution of flagella to host colonization. 

Interestingly, strain CDC1 readily agglutinated in solution at levels almost twice 

that of the motile strains BI-1 and 630Δerm.  This agglutination phenotype could be due 

to the expression of pili which were readily observed on the surface of CDC1 vegetative 

cells grown on plates after 72 hours of growth (Figure 2.8B).  Therefore, while flagellar 

expression may hamper agglutination, pilus expression appears to enhance the phenotype.  

It is also interesting to note that these phenomena occur at different stages in the C. 

difficile growth phase with flagellation occurring during logarithmic phase, and pilus 

expression occurring during stationary phase.   The C. difficile genome encodes a type IV 

pilus biogenesis locus, and pili have been observed on the surface of vegetative cells and 

are thought to influence surface behaviors of C. difficile (209) in response to 

accumulating intracellular ci-di-GMP levels (210) at later growth phases.  Ci-di-GMP 

levels also influence flagellar expression (26) through influence on sigD expression 
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(167), and may represent an important link between flagellation, piliation, and 

aggregation in the C. difficile lifecycle. 
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Figure 2.7.  Mutagenesis of BI-1 fliC results in increased levels of attachment to 
C2BBE cells and cellular agglutination in vitro.  A) High resolution SEM of C. 
difficile BI-1 attached to C2BBE. B) Mutagenesis of fliC results in an enhanced 
attachment phenotype in the BI-1 background.  This phenotype is reversed upon 
complementation.  C)  Attachment dynamics may be influenced by the agglutination 
rate of the organism during exponential and early stationary phase growth.  Bacterial 
sedimentation was measured as a function of aggregation over a period of 12 hours 
during the C. difficile growth cycle.  D) Agglutination phenotypes observed with the 
BI-1 fliC mutant were not observed when the mutant was complemented and growth 
under antibiotic selection. 
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Figure 2.8.  Mutagenesis of 630Δerm or CDC1 fliC does not impact attachment or 
agglutination.  A) In contrast to BI-1, strain 630Δerm does not exhibit increased 
levels of attachment to C2BBE cells in vitro when fliC expression is lost.  Similarly, no 
agglutination phenotype was observed in a 630Δerm fliC mutant.  B) Both CDC1 and 
its cognate fliC mutant exhibit high yet similar levels of attachment to C2BBE and 
readily precipitate from solution during growth.  While the strain is non-motile, it 
robustly expresses pili which may contribute to the strains aggregative phenotype. 
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Mutagenesis of fliC alters C. difficile sporulation kinetics.  C. difficile undergoes 

sporulation as a response to unfavorable environmental conditions including nutrient or 

physical stresses.  Changes in sporulation kinetics, or the rate at which a specific C. 

difficile strain forms spores, may be indicative of either changes in the extracellular 

environment, or in the case of an isogenic mutant, changes in a strain’s metabolic profile 

due to the alteration in expression of a specific genetic target.  To determine if FliC 

influences the kinetics of sporulation in C. difficile strains representing each of the three 

flagellar architecture types, sporulation kinetics assays were undertaken with strain-

specific alterations in sporulation kinetics observed.  The fliC mutant of strain BI-1 

exhibited more robust sporulation only after 4-5 days (Figure 2.9A), while strain 

630Δerm did not exhibit a change in sporulation kinetics over 5 days of growth (Figure 

2.9B).  Again, similar to the results of the observed during the agglutination studies, a 

strain-specific sporulation phenotype is observed in one motile strain, but not in a 

different strain which harbors a variant flagellar locus architecture.  The rate of C. 

difficile sporulation is a phenotype sometimes overlooked in previous studies examining 

C. difficile fliC mutants, but some experimental evidence has been reported.  In R20291 

(an OA-CD type A strain), sporulation genes were found to be upregulated in an isogenic 

fliC mutant which corresponded to an increase in the number of spores produced in vitro 

(19).  Proteins involved in C. difficile flagellar gene regulation, including SigH (positive 

regulation) (227) and Spo0A (negative regulation) (196), also play important roles in the 

induction of sporulation, linking the two systems. 

Intriguingly, the CDC1 fliC mutant exhibited robust sporulation as early as 24 

hours post inoculation, and generated significantly more spores than its cognate wild type 
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strain (Figure 2.9C).  This finding was surprising, as CDC1 does not readily assemble 

flagella and is non-motile.  It is therefore possible that FliC may indeed be involved in a 

yet undetermined facet of C. difficile biology in this strain background.  The fact a fliC 

lesion elicits an enhanced sporulation phenotype in this strain background could 

potentially mean either the FliC protein is involved in the cellular events signaling 

sporulation induction, or that loss of FliC expression could result in a metabolic change 

within the cell, altering the temporality or triggering the premature initiation of the 

sporulation cascade. 
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Figure 2.9.  Mutagenesis of C. difficile fliC causes strain-specific alterations in 

sporulation kinetics.  A)  Loss of FliC in the BI-1 background causes increased 

amounts of spores and enhanced sporulation kinetics after 4-days of growth in BHI.  

B)  Sporulation kinetics are not impacted by a loss of FliC expression in the 

laboratory-adapted strain 630Δerm.  C)  Sporulation kinetics and overall number of 

spores are enhanced in a fliC mutant of strain CDC1.  
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B 
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Mutagenesis of fliC alters C. difficile biofilm formation.  As an alternative to 

sporulation, C. difficile vegetative cells can persist in a biofilm where they are protected 

from both environmental and antibiotic stress (56).  Recently, a significant amount of 

research has been dedicated to the study of C. difficile biofilms, with special emphasis on 

their involvement in persistent CDIs.  A number of cell surface proteins including surface 

layer proteins, Cwp84, quorum sensing molecules, and flagellar components have been 

implicated in the formation of C. difficile biofilms (55).  As a phenomenon of stationary 

phase and aging vegetative cells, C. difficile biofilm formation is tightly linked to the 

function of Spo0A, the master regulator of C. difficile sporulation (57).  Adaptation of a 

biofilm-centered lifestyle has been hypothesized to protect C. difficile vegetative cells 

from vancomycin exposure (56), and serve a reservoir for the persistence of spores and 

vegetative cells after the cessation of antibiotic therapy (52). In other prokaryotic 

systems, flagella are important throughout all defined stages of biofilm assembly (67, 

285).  As alterations in C. difficile flagellar protein abundance may therefore influence 

biofilm dynamics, fliC mutants were tested for their ability to form biofilms in vitro.  In 

the BI-1 background, biofilm formation appeared to be generally impaired by qualitative 

assessment, albeit the difference between the wild type and mutant was not statistically 

significant (Figure 2.10A).  A similar observation was made in the non-motile strain 

CDC1 (Figure 2.10C), which is interesting since this strain does not assemble flagella or 

express flagellin on the cell surface (Figure 2.4C).  A more obvious biofilm phenotype 

was observed when analyzing C. difficile strain 630Δerm, where the cognate fliC mutant 

produced a significantly more robust biofilm than the wild type strain (Figure 2.10B).  

This finding was interesting considering the 630Δerm fliC mutant did not exhibit a 
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sporulation, attachment, or agglutination phenotype in previous experiments (Figures 

2.9B, 2.8A, 2.8B).  Therefore, loss of flagellin expression in 630Δerm likely still impacts 

the vegetative cell surface resulting in the formation of robust biofilms, but the exact 

nature of this change is likely different from those seen in strain BI-1. 
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A 

B 

C 

Figure 2.10.  Loss of FliC expression impacts biofilm formation in a strain-
specific manner.  A) Biofilm formation is not impacted in a BI-1 fliC mutant 
following 72 hours of growth.  B)  In contrast to sporulation phenotypes, the 630Δerm 
fliC mutant produces more robust biofilms after 72 hours growth in BHI.  Plasmid 
complementation of the fliC gene was not able to reverse this phenotype.  C)  Biofilm 
formation is not impacted in a CDC1 fliC mutant. 
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A C. difficile BI-1 fliC mutant is more virulent in the hamster model of acute CDI.  

To this point, a number of strain-specific effects had been observed in C. difficile fliC 

mutants, but only cursory investigations had been undertaken to assess the virulence of 

these mutants.  To gain a broader understanding of the role of these phenotypic changes 

in the context of C. difficile pathogenesis, the BI-1 fliC mutant was selected for an in vivo 

analysis of virulence in the hamster model of acute CDI.  In the Syrian Golden hamster 

model, infected animals rapidly succumb to disease, usually within a period of days to a 

week post-infection depending upon the strain analyzed.  The model is similar to the 

lincomycin-treated model of Small used in the early 1960s to interrogate the etiology of 

fatal enterocolitis following antibiotic treatment (237).  Since that time, the model has 

been refined to investigate C. difficile pathogenesis, with many pathological changes 

mimicking those observed in human CDI including tissue ulceration, hemorrhage, and 

neutrophilic infiltration (114).  CDI is precipitated through clindamycin treatment 

resulting in suppression the endogenous gut microbiota (Figure 2.11A).  Following either 

gavage or oral administration of C. difficile spores, measurements are taken at regular 

intervals to assess the virulence associated with a given strain using prescribed metrics 

including: weight, time to death, and quantitative determination of organ-specific spore 

burdens.   

Hamsters in this study were administered 1,000 spores of either the BI-1 wild type 

strain, or the cognate fliC mutant, and closely monitored.  All animals infected with the 

BI-1 fliC mutant succumbed to disease faster than animals infected with both the wild 

type and plasmid complemented strain (Figure 2.11B), indicative of an enhancement of 

BI-1 fliC mutant virulence.  Importantly, this observation is consistent with data from fliC 
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mutants in other C. difficile strain backgrounds (12, 66), and has emerged as the only 

unified phenotype consistently reported with respect to C. difficile fliC mutants beyond 

motility loss.  Therefore, despite the observation of numerous strain-specific phenotypes 

previously reported, the elevated virulence of C. difficile fliC mutants likely is 

attributable to a unified molecular mechanism.  Subsequent studies described later in this 

work identified elevated levels of toxin produced in C. difficile fliC mutants as the cause 

for the faster time to death (Figure 2.17).   

Following euthanasia, cecal toxin levels were determined by ELISA from three 

infected animals.  Interestingly, toxin levels were significantly less in hamsters infected 

with the fliC mutant when compared to either the wild type or mutant complement 

(Figure 2.11C).  This could be due to the fliC mutant strain producing less net toxin as a 

consequence of loss of FliC expression in vivo (although this explanation is not supported 

by in vitro data (Figure 2.17A), nor the shortened survival times).  Alternatively, a severe 

diarrheal phenotype caused by infection and elevated levels of toxin secreted in the fliC 

mutant-infected animal (Figure 2.17A) could flush secreted toxin from the cecal contents 

during intestinal evacuation.  Interestingly, plasmid complementation of the fliC lesion 

resulted in similar cecal toxin levels to wildtype.  This is in agreement with data derived 

when measuring secreted toxin levels in vitro (Figure 2.17B), and supports the notion 

that intestinal evacuation due to hyper-intoxication influences the levels of secreted toxin 

observed in cecal contents by ELISA. 

Sporulation was also interrogated in vivo.  More spores were also identified per 

milliliter of liquefied cecal contents in fliC mutants (Figure 2.11C), consistent with 

previous in vitro measurements of BI-1 sporulation kinetics.  In this instance, plasmid 
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complementation failed to restore enumerated spore levels to that comparable to wild 

type. 
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Figure 2.11.  A BI-1 fliC mutant is more virulent in the Syrian Golden hamster 
model of acute CDI.  A)  Schematic depicting protocol for the evaluation of virulence 
in the Syrian Golden hamster model of acute CDI.  B)  The BI-1 fliC mutant exhibits 
enhanced virulence in vivo, resulting in a faster time to death when compared to wild 
type BI-1.  Complementation partially reduced virulence to wildtype levels.  C)  
Quantitation of C. difficile toxin from liquefied cecal contents by ELISA revealed 
hamsters infected with the fliC mutant contained less C. difficile toxin in their 
respective cecal contents. This was not observed in plasmid complemented strains.  D)  
In contrast to toxin, more spores were recovered from cecal contents of fliC mutant 
infected animals compared to those infected with wild type BI-1. 

A B 

C D 
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Infection with a BI-1 fliC mutant causes significant intestinal pathology.  Following 

the termination of each experiment, the intestinal tracts of infected animals were 

harvested to examine gross pathological changes as a consequence of CDI (Figure 2.12).  

Small and large intestinal tissues from all infected animals were edematous and 

hyperemic, consistent with acute gastrointestinal disease.  The small intestine of both BI-

1 wildtype and fliC mutant-infected hamsters exhibited evidence of severe inflammation; 

however fliC mutant-infected tissues were more inflamed (black arrowheads).  This 

hyperinflammation was resolved in animals infected with the fliC-complemented strain, 

and may be attributable to the elevated levels of secreted toxin observed in C. difficile 

fliC mutants.Ceca from both wild type and fliC mutant-infected animals were also 

hyperemic, inflamed, and in some instances contained gas which could signify partial 

evacuation (open arrowheads).  This provides further evidence to support a role for 

diarrhea in modulating the levels of toxin detected from the cecal contents of infected 

hamsters (Figure 2.11C)  In all infected animals, the large intestine was completely 

evacuated and no formed stool pellets could be identified as seen in mock infected 

animals (white arrowheads).  Tissues of the large intestine located proximal to the cecum 

were also more inflamed in the fliC mutant compared to wild type.  Thus, gross 

anatomical observations with respect to infection with the BI-1 fliC mutant are 

reminiscent of those seen upon infection with the wild type strain, with the exception of 

the more severe inflammatory presentations in both the small intestine and cecum 

(Figure 2.12). 

 To further explore a rationale for why infection with a C. difficile BI-1 fliC 

mutant resulted in more severe inflammatory phenotypes, samples were taken for SEM to 
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examine the ultrastructure of the intestinal tissue.  SEM analysis revealed that cecal tissue 

from fliC mutant-infected animals exhibited significantly more dead or apoptotic cells 

when compared to tissues infected with the BI-1 wild type strain (Figure 2.13A).  

Similarly, histopathological analysis revealed both significant edema and heavy 

inflammatory infiltrate in tissue taken from the colon of animals infected with both BI-1 

and its cognate fliC mutant (Figure 2.13B).   

These histological findings, combined with the results from virulence studies 

evaluating time to death, paint a picture of the fliC mutant as a more virulent derivative of 

the BI-1 strain.  Analysis of the tissue ultrastructure alone (Figure 2.13A) suggest the 

fliC mutant produced elevated levels of toxin, a hypothesis which would be confirmed by 

immunoblotting in subsequent experiments (Figure 2.17A).  This funding was quite 

surprising, as flagellar gene expression was known to occur in the logarithmic phases of 

C. difficile growth, while toxin production is largely a stationary phase phenomenon.  

Uncovering how these cellular processes are intertwined would become a theme which 

would serve to drive the future research direction of this project. 
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Figure 2.12.  Representative whole intestinal tracts of BI-1 and cognate fliC 
mutant-infected hamsters.  Macroscopic evaluation of gross anatomical changes 
revealed both BI-1 and fliC mutant-infected animals exhibited strong cecal 
inflammation (open arrowhead) and gas formation, and an evacuated small intestine 
indicative of diarrheal disease (white arrowhead).  Tissue was broadly hyperemic in all 
infected animals.   The small intestine was significantly more inflamed in fliC mutant-
infected animals (black arrowhead) and was completely evacuated when compared to 
those infected with BI-1.  Infection with a plasmid complemented fliC mutant resulted 
in less inflammation in the small intestine and cecum, but animals still succumbed to 
diarrheal disease. 
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A 

B 

Figure 2.13.  Ultrastructural and histological analysis of infected hamster tissues.  
A) Analysis of cecal tissue ultrastructure by high resolution scanning electron 
microscopy revels significantly more dead and apoptotic cells in the fliC mutant 
infected tissue when compared to that infected with BI-1.  B) Similarly, an increased 
level of inflammatory infiltrate is observed in fliC mutant-infected colonic tissue when 
compared to that infected with wild type BI-1.   
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Loss of C. difficile FliC expression results in profound proteomic change.  To gain a 

more global view of the impact of FliC abrogation in C. difficile, a fully quantitative, 

comparative proteomic analysis was undertaken.  Proteins were extracted from mid- and 

late-exponential, as well as stationary-phase cultures of wild type C. difficile BI-1 and its 

cognate fliC mutant, and analyzed by mass spectroscopy.  While significant proteomic 

changes were detected in all three growth phases (data not shown), focus was given to 

mid-exponential phase when flagellar gene expression is maximal (72).  Loss of fliC 

expression resulted in a uniform down regulation of proteins from the flagellar operon 

(Figure 2.14, asterisk).  Surprisingly, a number of protein families with predicted roles 

outside of flagellar biology were also significantly impacted by the loss of FliC.  Proteins 

involved in amino acid biosynthesis, the electron transport chain, protein metabolism and 

protein biogenesis, and purine metabolism were all significantly downregulated in the BI-

1 fliC mutant compared to wild type.  Conversely, proteins involved in carbon 

metabolism, protein secretion, and sulfur assimilation were up-regulated in the fliC 

mutant.  Clearly, loss of FliC expression results in widespread, pleiotropic proteomic 

changes, but the exact nature of the impact of these changes on C. difficile biology 

remains unclear.  These findings may shed light on why so many strain-specific 

phenotypes have been identified in C. difficile fliC mutants from different backgrounds.  

These experiments could be expanded upon in the future to include other C. difficile 

genetic lineages to identify both unified and divergent biochemical pathways that are 

dysregulated due to an ablation of FliC expression.   

 With respect to virulence, a number of genetic and metabolic factors have been 

identified which influence toxin synthesis in C. difficile.  C. difficile toxin synthesis is 
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exquisitely linked to the organism’s metabolic program (29).  Recent mechanistic 

investigations into the regulatory networks governing C. difficile toxin synthesis have 

successfully linked the flagellar system and PaLoc gene expression through the activity 

of the flagella specific sigma factor SigD, which also directly influences PaLoc gene 

expression (Figure 2.17C).  A working hypothesis can therefore be envisaged where loss 

of FliC expression results in a compensatory accumulation of SigD by the vegetative cell, 

thereby inducing elevated levels of toxin synthesis due to a bystander effect.   

Importantly, this proteomic analysis identifies a number of metabolic pathways 

dysregulated in the BI-1 fliC mutant that are known to directly impact C. difficile toxin 

production, suggesting that SigD biology may not be the sole FliC-mediated influence on 

toxin gene expression.  Purine metabolism (159), sulfur metabolism (68), and a number 

of additional amino acid biosynthetic pathways and metabolic intermediates influence C. 

difficile toxin gene expression, and have components identified in this proteomic screen.  

By contrast, a C. difficile sigD mutant produces no detectible toxin by western blotting, 

suggestive of a critical role for SigD in C. difficile toxin gene regulation.  Therefore, 

while this evidence is highly suggestive of multiple roles for FliC in regulating toxin 

production, the exact nature and mechanism of that regulation are unclear. 

 What can be concluded from these experiments is that FliC likely plays many 

diverse roles in C. difficile biology beyond simply mediating bacterial motility (Figure 

2.15).  These roles are often strain-specific and may be suggestive of differential roles for 

FliC in different strain backgrounds as a consequence of both motility status and genomic 

content.  Consistently, FliC abrogation results in a virulence enhancement in vivo that is 

likely attributable to hypersecretion of TcdA and TcdB (Figure 2.17A).  In the BI-1 



 

142 
 

strain background, the fliC mutant produces more spores, hyper-aggregates, and robustly 

adheres to C2BBE cells in vitro (Figure 2.15).  In vivo, the fliC mutant causes a faster time 

to death and pathological change consistent with more severe disease, again likely 

attributable to its toxin status (Figure 2.15).  Molecular analysis of the entire C. difficile 

proteome reveals widespread alterations in the fliC mutant background, consistent with a 

diverse and multifaceted role for FliC in the biology of strain BI-1.  But what of other 

strains?  Many of the phenotypes interrogated in this work are strain-specific, suggestive 

of a differential role for FliC among different C. difficile genetic lineages.  We know by 

virtue of sequence analysis that both the PaLoc and the flagellar locus (Figure 2.1A) 

adopt different genetic architectures, and protein components within these regions exhibit 

significant sequence variation (Figure 2.2A).  How then does the role of FliC change in 

these clinically-important genetic backgrounds? 
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Figure 2.14.  Mutagenesis of fliC results in broad and profound proteomic 

alterations.  Quantitative comparative proteomic analysis of C. difficile BI-1 vs. its 

cognate fliC mutant revealed significant changes in gene expression in both flagellar 

gene expression (indicated by the asterisk) and in proteins impacting basic metabolic 

functions.  Representative total proteomic change in the BI-1 fliC mutants compared to 

the wild type strain at mid-logarithmic phase is depicted. 
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Figure 2.15.  Summary of effects the loss of FliC expression has in the BI-1 
background.  Loss of FliC expression results in multiple broad phenotypic impacts in 
C. difficile BI-1 including increased sporulation, and enhanced attachment and cellular 
aggregation phenotypes.  Quantitative proteomic analysis reveals broad alterations in 
the expressed proteome of the BI-1 fliC mutant suggestive of additional roles for 
flagellin and flagellin regulation beyond being a physical determinant of C. difficile 
motility. 
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Loss of FliC expression uniformly results in a loss of motility.  In order to extend this 

work to a diverse set of clinical isolates representing different flagellar locus architecture 

types, fliC-specific disruptions were constructed in a collection of evolutionary variant 

clinical isolates (Figures 2.1C, 2.16).  Strains BI-8 and R20291 are recent OA-CD 

isolates that are related to the ancestral, non-OA CD strain BI-1.  CDC1 is a member of 

the 078 RT and is non-motile due to a loss of the F3 flagellar region (Figure 2.1A) region 

as found in flagellar locus architecture type C strains.  JIR8094 is evolutionarily related 

to the laboratory strain 630Δerm and assembles flagella, but is non-motile due to an 

uncharacterized mechanism (167).  Consistent with previous observations, fliC mutation 

resulted in a loss of motility and a failure to assemble flagellar filaments in all motile C. 

difficile strain backgrounds and in strain JIR8094 (Figure 2.16).  
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Figure 2.16.  Construction of fliC lesions in a collection of C. difficile clinical 

isolates.  A)  High resolution SEM reveals fliC mutants fail to assemble flagella 

irrespective of strain background.  In the case of strain CDC1, the flagellar locus is 

type C and therefore lacks the F3 region, rendering the wild type non-motile.  The 

organism still encodes the fliC gene.  fliC mutagenesis uniformly results in a loss of 

motility irrespective of C. difficile strain background analyzed.  In the case of 

JIR8094, the organism encodes necessary for flagellar assembly and assembles 

filaments, but these filaments are non-functional for an undefined reason. 
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Loss of FliC expression results in elevated levels of toxin synthesis.  The toxins TcdA 

and TcdB are considered the primary virulence determinants of C. difficile (39).  As 

differential pathological presentations were observed in the hamster model of acute CDI 

when infected with a C. difficile fliC mutant versus the wild type strain, investigation of 

the relative toxin levels produced by flagellin mutants was warranted.  To investigate the 

potential role of toxins the enhanced virulence of fliC mutants, toxin immunoblotting was 

undertaken to comparatively interrogate the expression kinetics and levels of TcdA and 

TcdB in C. difficile culture supernatants.  Consistent with in vivo data, TcdA and TcdB 

levels were elevated in all C. difficile fliC mutant supernatants tested (Figure 2.17A).  

This increase in secreted toxin was found to be fliC mutant-specific, as plasmid 

complementation restored toxin levels to those comparable to wild type (Figure 2.17B).  

These findings were validated also using ELISA to monitor toxin levels in the BI-1 fliC 

mutant over a 72 hour time course (Figure 2.17C).  Importantly, in addition to elevated 

total levels of toxin, the temporality of toxin expression was also skewed, with fliC 

mutants expressing detectable levels of toxin at earlier time points (Figures 2.17A, C).

 SigD, a sigma factor encoded in the flagellar locus which drives expression of the 

F1 flagellar region, is directly linked to C. difficile toxin gene expression (10, 72).  

Recent studies have demonstrated that SigD binds to a dedicated promotor site upstream 

of tcdR, driving expression of TcdR.  Elevated levels of TcdR positively regulates the 

expression of both TcdA and TcdB (72).  A model could therefore be envisaged in a fliC 

mutant background, whereby loss of FliC expression causes an accumulation of SigD as a 

compensatory response by the C. difficile vegetative cell in an attempt to derive FliC for 

flagellar expression.  The resultant elevated SigD levels could therefore interact with 
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promotors in the PaLoc, driving robust and temporally skewed C. difficile toxin gene 

expression.  Ideally, a double sigD/fliC mutant could be constructed to investigate this 

potential mechanism.  However, a limited number of genetic tools are currently available, 

and the construction of successive mutations in a single C. difficile background is not yet 

technically possible. 
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Figure 2.17.  Mutagenesis of fliC uniformly results in increased levels of TcdA 
and TcdB secreted from motile strains.  A)  Quantitative immunoblotting of 
concentrated culture supernatants detected of TcdA and TcdB production over 72 
hours revealed uniformly higher levels of toxin in fliC mutants when compared to wild 
type.  This phenotype was also observed in strain JIR8094 which is non-motile but 
still assembles flagella, uncoupling the physical role of motility from the increase in 
toxin production.  B)  Plasmid complementation of fliC in BI-1 restores toxin to levels 
comparable to that of the wild type.  C)  Confirmation of elevated levels of C. difficile 
toxin in the BI-1 fliC mutants by ELISA.  D) Identification of a SigD promotor 
upstream of the PaLoc links flagellar gene transcription and C. difficile toxin 
synthesis. 

A B 

C D 
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A CDC1 fliC mutant secretes increased levels of toxin.  The strain CDC1 was utilized 

in an attempt to uncouple SigD function from toxin gene expression in a fliC mutant 

background.  CDC1 contains the F1 and F2 region, but lacks all genes within the F3 

region including sigD (Figure 2.1A).  The F3 region has been replaced with a putative 

transposase, and this replacement region contains scar sequences suggestive of an ancient 

exposition event which may have been responsible for the loss of the F3 flagellar region 

(Figure 2.18A).  This renders CDC1 non-motile and aflagellate (Figure 2.1B), but the F1 

region containing fliC is still maintained within the bacterial chromosome.  Isogenic fliC 

mutation in the CDC1 strain background results in a similar increase in the levels of 

secreted toxin as motile fliC mutant strains, independent of SigD function, as determined 

by both ELISA and immunoblotting (Figure 2.18B).  Additionally, plasmid 

complementation of the CDC1 fliC mutant restored secreted toxin levels to that 

comparable to wild type (Figure 2.18C).  While this experiment cannot preclude the 

possibility of elevated levels of SigD acting on the PaLoc in motile strain backgrounds, it 

does demonstrate that SigD activity may not be solely responsible for the enhancement of 

secreted toxin levels in C. difficile fliC mutants.  As previously described, a comparative 

proteomics experiment identified a number of dysregulated protein components of 

metabolic pathways which have also been linked to modulating toxin production (Figure 

2.14).  Likely, a combination of SigD positive regulation and associated proteomic 

dysregulation is responsible for the elevated levels of secreted toxin in C. difficile fliC 

mutants in those strains which harbor the sigD gene. 
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Figure 2.18.  Toxin synthesis is increased a CDC1 fliC mutant which lacks sigD.  
A)  Schematic depicting differential carriage of the F3 flagellar region.  The 078 RT 
lacks genes encoded in the F3 flagellar locus, including sigD.  Importantly, despite 
being aflagellate and not assembling flagella, the strain still carries a fliC gene.  B)  
Mutagenesis of the CDC1 fliC gene results in increased levels of secreted C. difficile 
toxin.  C)  The enhanced secretion of toxin is restored to levels comparable to wild 
type upon fliC plasmid complementation.  

A 

B C 
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SigD positively regulates motility, sporulation, toxin production, and biofilm 

formation.  Cellular signals governing SigD expression and the C. difficile SigD regulon 

have recently been characterized (72, 167).  Loss of SigD expression in the laboratory 

strain 630Δerm was found to have broad impacts on C. difficile vegetative cell biology, 

including impacting the gene expression of cell wall proteins, membrane transport 

pathways, the phosphotransferase system, and multiple transcriptional regulators (72).  

To gain a broader appreciation for the role SigD plays in the biology of motile C. difficile 

strains, an isogenic sigD mutation was constructed in the BI-1 strain background.  The 

resulting sigD mutant exhibited a complete loss of flagellar-mediated motility (Figure 

2.19A) in an agreement with data from 630Δerm (10, 72).  Interestingly, no secreted 

toxin was detectable over a 72 hour period (Figure 2.19C), implicating a major role for 

SigD in C. difficile toxin gene regulation.  Both sporulation kinetics and biofilm 

formation were also significantly dampened in the BI-1 sigD mutant, further linking 

flagellar gene expression in early phases of C. difficile growth with events in stationary 

phase (Figures 2.19B, D).  A previous report identified no impact on the sporulation 

kinetics of a 630Δerm sigD mutant (72), indicating that alterations in such sporulation 

phenotypes in sigD mutant backgrounds may be strain-specific. 

 

SigD is a master regulator of FliC expression.  Little is currently known regarding the 

mechanisms controlling the expression of FliC in C. difficile.  In order to more closely 

examine the relationship between SigD and FliC, FliC expression was interrogated in the 

BI-1 sigD mutant strain background.  Despite loading up 250µg of total protein isolated 

from the sigD mutant strain, no detectable FliC was able to be observed by western 
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blotting (Figure 2.19E).  This critical piece of data presents a novel situation whereby a 

strain that is lacking both SigD (due to mutagenesis) and FliC (by loss of SigD 

expression) secreted no detectable toxin (Figure 2.19C).  As the BI-1 fliC mutant strain 

secreted elevated levels of both TcdA and TcdB due to the presence of a functional copy 

of sigD, this finding suggests that SigD is directly and solely responsible for toxin gene 

synthesis and is strongly influenced by the intracellular levels of FliC. 
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Figure 2.19.  SigD influences C. difficile motility, toxin synthesis, biofilm 
formation, sporulation, and FliC expression.  A)  Loss of SigD expression leads to 
a loss in flagellar mediated motility and B) an impaired ability to form biofilms after 
72 hours of growth in BHI.  C)  Significantly less toxin is secreted in a sigD mutant 
compared to wild type BI-1 after 72 hours growth in BHI.  D)  The BI-1 sigD mutant 
exhibits dampened sporulation kinetics and a lower level of overall spores produced 
after 72-120 hours in BHI.  E)  FliC expression is ablated in a BI-1 sigD mutant as 
determined by immunoblotting. 
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Intracellular FliC is a novel regulator of C. difficile virulence.  In this study it has 

been demonstrated that loss of FliC expression causes pleotropic effects on the vegetative 

cell proteome, including an increase in the levels of secreted toxin irrespective of strain 

background.  The expression of fliC must therefore be tightly regulated to assure that 

fluctuations in FliC expression levels which could lead to detrimental cellular events do 

not occur.  Interestingly, the fliC gene has been detected in all sequenced C. difficile 

strains to date, including members of the 078 RT (i.e. CDC1) that do not assemble 

flagella on their cell surface.  These strains also encode all the necessary genes to regulate 

the transcription of the fliC gene (with the obvious exception of sigD in the F3 flagellar 

region architecture type), stabilize cytosolic FliC pools, and traffic the FliC protein to the 

membrane in the F1 region.  Finally, genes necessary for the posttranslational 

modification of the flagellin via glycosylation are also maintained in the F2 region among 

all C. difficile strains sequenced to date. 

 This observation raises an important question: is there evolutionary pressure to 

maintain these regions of the flagellar locus despite them not being utilized for flagellar 

biogenesis?  Mutational analyses of F2 and F3 region genes provide some important 

clues.  Aubry et. al. were the first to report that while mutagenesis of the flagellin protein 

resulted in elevated toxin gene transcription, mutations in C. difficile flagellar structural 

genes had an opposite effect.  Indeed, we have also observed a decrease in secreted C. 

difficile toxin when the expression of F3 target genes, including sigD (Figure 2.19C) and 

motB (Figure 4.10), is lost. 

 A second important observation is described in Chapter 4 of this document, and 

pertains to genes involved in the posttranslational modification of the FliC protein 
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through genes encoded in the F2 flagellar region.  When glycosylation cannot be 

completed due to a loss of flagellar glycotransferase function, flagellin is blockaded 

within the vegetative cell, and the compensatory response is a novel pattern of proteomic 

alteration, and a significant down-regulation of secreted toxin levels (Figures 4.10, 4.11).  

Since genes in the F3 region are believed to be transcribed as an operon, any insertional 

inactivation could result in a failure to assemble the motor complex and a consequent 

sequestration of FliC within the cell.  The intracellular sequestration of FliC could create 

a situation whereby SigD levels would be downregulated as a response to reduce fliC 

transcription, thereby decreasing the levels of secreted C. difficile toxin as a bystander 

effect (Figure 2.20). 
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Figure 2.20.  A model for the impact of intracellular FliC on SigD, TcdR, 
and secreted toxin levels.  Elevated intracellular FliC levels lead to a 
diminished level of SigD, consequently dampening C. difficile toxin expression 
through downregulation of TcdR.  Conversely, diminished intracellular FliC 
levels leads to the increased expression of both SigD and TcdR, resulting in 
high levels of toxin synthesis. 



C. difficile harbors two alleles encoding the flagellin chaperone FliS.  Drawing upon 

pioneering work in B. subtilis (175, 176), it is apparent that the F1 region of C. difficile 

encodes the necessary proteins to influence fliC transcription kinetics and maintain stable 

populations of intracellular FliC through the interaction with dedicated chaperones.  In an 

effort to evaluate the potential for these proteins to influence intracellular FliC levels, 

isogenic mutants in C. difficile strain BI-1 were created in target proteins important for 

the maintenance of homeostatic levels of cytosolic flagellin in B. subtilis. 

 In contrast to other bacterial flagellar systems, C. difficile is unique in that it 

encodes two fliS alleles, named fliS1 and fliS2 respectively (Figure 2.2D).  The role of 

FliS during flagellar assembly is to bind newly synthesized cytosolic flagellin, and traffic 

it to the flagellar pore for export.  FliS binding stabilizes cytosolic FliC by protecting it 

from cytosolic degradation (189), and also prevents it from aberrantly polymerizing in 

the cytosol prior to export.  Mutagenic analysis of both fliS alleles in C. difficile 

demonstrates that both genes are dispensable for motility (Figure 2.21A).  This is 

consistent with observations from S. typhimurium where FliS is not required for motility 

(292), but fliS mutants generate shorter flagellar filaments and FliC trafficking to the 

membrane is disorganized.   

As FliS homologs stabilize and traffic intracellular FliC prior to export, it is 

logical to assume that loss of FliS expression may destabilize intracellular concentrations 

of FliC in C. difficile.  This destabilization could then result in an increase in secreted 

TcdA and TcdB through a SigD-dependent mechanism as previously described.  Indeed 

mutagenesis of either fliS1 or fliS2 resulted in profound impacts on the level of secreted 

toxin when compared to wild type.  A fliS1 mutant secreted significantly more TcdA and 
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TcdB by 48 hours, but levels resolved to that similar to wild type by 72 hours (Figure 

2.21B).  By contrast, a fliS2 mutant robustly secreted TcdA and TcdB in concentrations 

higher than that encountered in the wild type strain throughout the 72 hour analysis 

period.  These differences suggest that FliS1 and FliS2 may serve non-redundant 

functions during the process of flagellar assembly, thus differentially impacting toxin 

secretion. 

 The primary sequences of FliC proteins differ among strains harboring different 

flagellar locus architectures (Figure 2.2B, 2.2C).  It therefore was conceivable that the 

dedicated chaperones in these different strain backgrounds might also exhibit significant 

sequence diversity in order to interact with their respective FliC molecules.  Indeed, fliS 

genes from BI-1 and 630Δerm are closely related enough to be considered homologs, but 

exhibit significant sequence variation when compared to each other (Figure 2.21C).  This 

difference in primary sequence could be either a consequence of differences in the 

primary structure of FliC, or the distinct glycosylation machinery harbored by these 

strains.  Future studies are aimed toward understanding the reason C. difficile harbors two 

copies of the FliS allele, and their respective functions in the context of flagellar 

assembly, flagellin homeostasis, and influencing C. difficile toxin levels. 
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Figure 2.21.  The FliC chaperones FliS1 and FliS2 impact toxin synthesis, but are 
dispensable for motility.  A)  fliS1- and fliS2 mutants are motile.  B)  Both fliS1- and 
fliS2 mutants secrete elevated levels of toxin.  C)  Alignment of FliS1 and FliS2 amino 
acid sequences from both C. difficile strain BI-1 and 630 reveals significant levels of 
protein conservation suggestive of gene duplication.  

A B 
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The CsrA-FliW regulatory circuit impacts toxin secretion and biofilm formation.  

Proteins involved in the FliW-CsrA regulatory circuit are important for the post-

transcriptional regulation of FliC translation.  In B. subtilis, FliW acts as a binding 

partner for both FliC and CsrA.  When intracellular concentrations of FliC are high, FliW 

binds to FliC, freeing CsrA to bind to the fliC transcript and block translation through 

ribosome binding site occlusion.  Conversely, when intracellular concentrations of FliC 

are low, FliW instead binds to CsrA, preventing it from binding to the fliC transcript and 

allowing FliC translation to occur (Figure 2.23, (176)).  Both csrA and fliW are 

dispensable for motility in C. difficile (Figure 2.22A). Loss of CsrA expression resulted 

in an enhanced biofilm phenotype, while loss of FliW expression dampened sporulation 

kinetics (Figures 2.22C-E). 

 As both CsrA and FliW putatively function to regulate FliC translation in C. 

difficile, it remained possible that modulation of either CsrA or FliW expression could 

alter TcdA or TcdB expression through the FliC-SigD regulatory circuit.  To examine 

this, toxin blotting experiments were undertaken over a period of 72 hours (Figure 

2.22B).  The BI-1 csrA mutant exhibited only slightly decreased levels of TcdA, and 

significantly decreased levels of TcdB over the 72 hour period.  As CsrA is a putative 

negative regulator of FliC translation, loss of this molecule could potentially lead to 

overproduction of cytosolic FliC resulting in decreased toxin synthesis.  By contrast, a 

fliW mutation had no impact on toxin secretion at any time point (Figure 2.22B) 
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  A B 

C 

D 

E 

Figure 2.22.  The FliW-CsrA regulatory circuit impacts sporulation, toxin 
synthesis, and biofilm formation.  A)  Genes of the FliW-CsrA regulatory circuit are 
dispensable for flagellar-mediated motility.  B)  Loss of either FliW or CsrA impacts 
secreted toxin levels.  C)  Loss of CsrA expression results in robust biofilm formation.  
D)  Loss of FliW expression results in dampened sporulation kinetics.  E)  Loss of 
CsrA expression does not impact sporulation kinetics. 
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A preliminary model for C. difficile FliC homeostasis.   Based upon studies in B. 

subtilis, it is hypothesized that a number of defined regulatory circuits intersect at the 

level of FliC regulation.  These include mechanisms functioning on both the 

transcriptional, post-transcriptional, translational, and post-translational levels.  By 

closely examining the composition of the F1 flagellar region, a preliminary model can be 

envisaged whereby protein components encoded within this region interact with each 

other, and with SigD, to modulate intracellular FliC concentrations in C. difficile (Figure 

2.23).   

During the induction of flagellar gene expression, SigA drives the transcription of 

the F3 flagellar region as a large operon.  SigD, encoded in the F3 operon, is 

subsequently translated, and begins to drive transcription of the F1 region following the 

assembly of the flagellar pore and motor complex.  To regulate intracellular levels and 

activity of SigD, the anti-sigma factor FlgM (encoded in the F1 region) binds to SigD and 

targets it for secretion through the flagellar pore prior to the initiation of filament 

polymerization.  This serves to prevent excessive amounts of FliC from accumulating 

prior to the assembly of the flagellar basal body.  FlgM is stabilized through its 

interaction with the flagellin chaperone FliS (88, 286), and is maintained at a high 

concentration inside the cell during the initial stages of flagellin synthesis.  Basal levels 

of FliC are able to be translated, but are kept in check by CsrA.  

Following the completion of basal body and motor complex assembly, FliS then 

disassociates from FlgM, causing FlgM to become destabilized and secreted through the 

flagellar pore.  This frees SigD to initiate high levels of fliC transcription needed for 

filament assembly. As the fliC transcript is synthesized, it is subsequently translated into 
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FliC where, upon interaction with FliS, it is stabilized and trafficked to the flagellar pore 

for export and assembly.  As intracellular FliC concentrations rise, FliC also binds to 

FliW, which frees CsrA to bind to the fliC transcript and block its translation preventing 

oversaturation of the cytosolic environment with flagellin.  When intracellular FliC levels 

drop and more flagellin in required (i.e. during times of active flagellar biogenesis), FliW 

binds CsrA, allowing transcription of the fliC transcript to occur. 

 Importantly, a number of unanswered questions exist concerning flagellin 

regulation in C. difficile.  Examining this unexplored mechanism of intracellular FliC 

regulation may shed light on current unresolved mechanisms of C. difficile gene 

regulation.  Flagellin is a dynamic molecule which influences diverse cellular processes 

ranging from motility to protein synthesis and biofilm formation in the C. difficile 

vegetative cell.  Its broad impacts on toxin production, sporulation, and cellular 

metabolism make it worthy of future study. 
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Figure 2.23.  A model for flagellin homeostasis in C. difficile.  Components of the 
C. difficile F1 flagellar region function to modulate intracellular FliC concentrations 
through multiple regulatory circuits and feedback loops.  These include SigD-FlgM, 
FlgM-FliS, FliC-FliS, FliC-FliW, and FliW-CsrA interactions. 
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CHAPTER 2 HIGHLIGHTS 
 

• The flagellar locus adapts unique architectures among different phylogenetic 

lineages of C. difficile 

• Loss of flagellin expression impacts motility, cellular aggregation, and biofilm 

formation in strain-specific manners 

• Loss of flagellin expression results in elevated levels of toxin production 

irrespective of the strain analyzed or sigD carriage 

• Loss of flagellin expression induces broad pleotropic changes in the C. difficile 

proteome 

• SigD governs expression of FliC 

• Regulation of flagellin synthesis and intracellular flagellin concentrations may 

directly influence C. difficile toxin levels through a SigD/FliC-centered 

mechanism 
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CHAPTER 3:  THE CLOSTRIDIUM DIFFICILE FLAGELLAR 

CAPPING PROTEIN MEDIATES MOTILITY, ATTACHMENT, 

BIOFILM FORMATION, AND VIRULENCE 

 

BACKGROUND 
 

Overview.  The C. difficile flagellar filament is composed exclusively of two proteins, 

the flagellin (FliC) and the capping protein (FliD), both encoded within the F1 flagellar 

region.  During flagellar assembly, FliD is trafficked to the membrane before the flagellin 

by the substrate-specific chaperone FliT.  Once at the membrane, the FliD protein 

spontaneously oligomerizes into a pentamer, covering the assembly pore.  The chaperone 

FliS subsequently traffics FliC monomers to the cell membrane where, upon interaction 

with the oligomerized FliD proteins, they polymerize into the filament.  As the filament 

polymerizes, FliC monomers are exported through the flagellar shaft, pushing the FliD 

cap away from the cell surface.  Indeed, the FliD protein likely represents the most distal 

C. difficile protein from the vegetative cell surface.  While the first chapter of this work 

has focused on the flagellin, its regulation, and its role in influencing toxin secretion and 

host-pathogen interactions, this chapter is dedicated to the role of the capping protein in 

C. difficile virulence. 

 

The role of FliD in flagellar biogenesis.  Much of what is known concerning FliD and 

its impact on flagellar biogenesis was elucidated in Salmonella typhimurium in the early 

1980’s.  FliD was initially recognized as part of a complex of hook-associated proteins 
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(HAPs), and was annotated as HAP2 in S. typhimurium (110), along with two additional 

proteins (HAP1 and HAP3) which would be subsequently described as hook junctional 

proteins (116).  Early investigations determined that HAP2 was located at the top of the 

hook structure in a filament-less (FliC mutant) background (109).  What was likely 

observed in this early publication was flagellar hooks which were arrested in the initial 

stages of filament assembly due to a loss of FliC (109) as subsequent investigations 

would establish HAP2 localization at the distal end of the polymerized flagellar filament 

(116).  This observation was also important in that it implicated a role for HAP2 in the 

polymerization of FliC during flagellar assembly, a role which would subsequently 

verified in vitro (115). The nomenclature would eventually be changed to FlaD or FliD to 

reflect these novel functional roles and the subcellular localization of this protein (108). 

Structural analyses of FliD were used to dissect the protein’s biophysical role in 

the context of flagellar assembly.  FliD was observed to form a homopentamer, with a 

pentagonal or “star-cap” shape in solution.  This shape was also observed at the distal end 

of flagellar filaments (162).  Further study determined this star cap shape was actually a 

decamer of FliD proteins, and oligomerization of the FliD protein was dependent upon 

both the salt concentration and pH of the solution in which the bacteria was immersed 

(120).  In the laboratory, FliD molecules spontaneously self-assemble into decamers 

under physiological conditions.  Loss of FliD in S. typhimurium and other Gram-negative 

bacteria results in the unregulated secretion of monomeric flagellin into the culture 

supernatant, a phenotype which can be resolved through the application of exogenous, 

recombinant FliD (117, 118, 120).  Mutagenesis of fliD also results in a hypersecretion of 
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the anti-sigma factor FlgM, resulting in overexpression of late-stage flagellar genes 

(291). 

 

Regulation of FliD expression.  The hierarchical expression kinetics of fliD in the context 

of flagellar assembly were determined soon after the subcellular localization of the FliD 

(146).  FliD, along with FliC, was identified as a late-stage flagellar gene in S. 

typhimurium, but the mechanism dictating transcription of both fliD and other genes 

encoded in its operon remained unknown.  Interestingly, an investigation into iron-

regulated genes in B. subtilis implicated SigD as responsible for FliD transcription (43).  

The identification of the fliD locus was due to happenstance during a Tn917-lacZ 

transposon mutagenesis assay during a screen for metallo-regulated loci, and in retrospect 

would provide valuable information regarding the flagellar transcriptional programs in 

both Gram-positive and Gram-negative bacteria.   

Robust mapping of both flagellar promotors and operons would yield a clearer 

picture of the flagellar transcriptional program of S. typhimurium.  The fliD gene was 

mapped to an operon with both class II and III (late flagellar gene) promotors under the 

transcriptional control of the alternative sigma factor FliA (the SigD ortholog in Gram-

negative systems) (145).  Interestingly, loss of the FliA expression inhibited, but did not 

eliminate, fliD transcription (145), suggesting that the fliD gene was also under the 

control of a housekeeping sigma factor in addition to FliA.  The additional open reading 

frames present in the fliD operon in both S. typhimurium and E. coli were annotated 

during this time as fliS and fliT (292), similar to those reported in B. subtilis (43), and 
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would later be demonstrated to be substrate-specific chaperones for the flagellin and the 

capping protein respectively. 

 

FliT is the FliD chaperone during flagellar assembly.  As more knowledge regarding the 

role of FliD in flagellar biogenesis was acquired, the mechanism by which the FliD 

protein was trafficked to the membrane remained uncharacterized.  The organization of 

the fliD operon was suggestive of one of the operon components being responsible for 

trafficking, but interactions between FliS, FliT, and other flagellar components had yet to 

be demonstrated.  A cursory analysis of the flagellar genes in the fliD operon of S. 

typhimurium determined that both fliS and fliT were dispensable for flagellar assembly, 

but mutations in fliS resulted in filament truncation and unorganized flagellin trafficking 

through the flagellar assembly pore (292).  Loss of either gene was also found to impact 

FlgM secretion through the assembly pore (291), but the role of FliT in this process 

remained ambiguous.  The function of FliT as a FliD chaperone would be determined in 

1999 through a robust analysis of HAP-binding proteins (86).  Recently, the FliT crystal 

structure from S. typhimurium has recently been solved (119), further illuminating FliT-

FliD interactions and its important role in flagellar assembly. 

 

FliD proteins from other bacterial species.  Beyond their roles in flagellar assembly, FliD 

orthologues play important roles in bacterial attachment to either human epithelial cells, 

or to cellular components derived from such cells.  The FliD proteins from 

Enteropathogenic, Enterohemorrhagic, and Enterotoxigenic E. coli mediate specific 

binding of these organisms to the microvilli of C2BBE cells in vitro (225).  The protein is 



 

171 
 

also important for invasion of host tissues in the setting of Proteus mirabilis urinary tract 

infection (173). 

Pseudomonas aeruginosa encodes two distinct flagellins and capping proteins (7), 

which mediate attachment to host mucin (9).  In the case of Ps. aeruginosa fliD mutants, 

the bacteria were rendered less penetrant due their inability to traverse the protective 

layer of mucus in C2BBE monolayers due to a lack of flagellar assembly (104).  In the 

related phytopathogen Pseudomonas fluorescens strain F113, fliD mutants were displaced 

in competition assays with wild type strains when examining root colonization (37), 

implicating a role for FliD in mediating attachment to tissues other than human mucosal 

epithelia. 

The FliD protein has also been identified as an immunodominant antigen during 

infection with flagellated pathogens, with good promise for potential diagnostic and 

vaccine-centered applications.  In Helicobacter pylori, FliD has been proposed as a viable 

diagnostic target for serological diagnosis of clinical H. pylori infection (134).  Similarly, 

the FliD protein of Campylobacter jejuni has been proposed as a vaccine candidate to 

prevent poultry colonization and contamination (44, 290), a serious economic burden 

from the perspective of agricultural production and food safety.  Conversely, the C. 

difficile FliD protein has also been engineered to be expressed on the surface of B. 

subtilis spores to serve as the basis for a future strategy of immunization (182). 

Beyond vaccines and immunotherapies, the utility of the fliD locus has been 

explored for industrial and biotechnological applications.  The fliD gene has been utilized 

for the surface display of foreign proteins in E. coli (161), making use of the fact that the 

protein is expressed in high concentration and a distal site from the bacterial cell surface.  
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Importantly, flagella adapt different structural attributes and cellular localizations 

among diverse bacterial species.  While significant variation in the molecular mass and 

primary sequence of FliD has been reported among bacteria, FliD proteins are often 

interchangeable among bacterial phylogenetic groups.  Indeed, FliD proteins from both 

polar and lateral flagellar systems are capable of being interchanged with FliD protein 

from peritrichous systems (121).  Such exchangeability is not observed with flagellin 

molecules. 

 

Flagellin sensation through Toll-like receptors.  Bacterial fliC- and fliD mutants share 

a number of similarities with respect to flagellar phenotypes.  Both mutations render a 

bacterium non-motile and unable to assemble flagella, although this is due to two 

fundamentally different mechanisms.  Flagellin mutants fail to assemble flagellar 

filaments due to a loss of the major structural component of the filament, while fliD 

mutants fail to assemble filaments due to the loss of the protein which serves as a scaffold 

and catalyst for flagellin polymerization.  The resultant phenotype of a fliD mutant is one 

by which FliC is still produced, but is secreted in an unregulated manner into the 

extracellular milieu instead of being polymerized into a functional filament.   This 

unregulated secretion of FliC monomers through the flagellar pore is one of the most 

dramatic phenotypes associated with the loss of FliD expression, and results in serious 

consequences for the bacteria in the host in manners unrelated to colonization and toxin-

mediated pathogenesis. 

Intestinal epithelial cells serve as the major physical barrier between the bacterial 

content of the lumen and the underlying mucosal tissues.  In order to maintain 
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homeostatic conditions and detect invasive threats, these cells express germline encoded 

sensory molecules, named toll-like receptors (TLRs), which detect molecular components 

of enteropathogens (pathogen-associated molecular patterns, or PAMPs).  In response to 

PAMP detection, a signaling cascade is initiated which results in localized inflammation 

and induction of the host immune response.  One such TLR, toll-like receptor 5 (TLR5) 

senses and binds monomeric bacterial flagellin (171).  TLR5-flagellin interaction is 

highly specific, with responses reported following exposure to picomolar concentrations 

of flagellin.  Loss of TLR5 signaling has been associated with delayed neutrophil 

recruitment, delayed pathogen clearance, and increased inflammation due to the 

progression toward non-localized infections (280). 

Specific, conserved regions of the bacterial flagellin are detected by binding 

motifs present on the TLR5 surface (see Chapter 4).  Upon detection of monomeric FliC, 

TLR5 forms a homodimer which exposes cytosolic toll-interleukin 1 receptor (TIR) 

domains resulting in MyD88 recruitment and interaction.  Downstream targets of MyD88 

include IRAK4, IRAK1, and TRAF6 leading to IκB kinase activation and NF-κB nuclear 

translocation (171).  NF-κB, once translocated, drives the transcription of a program of 

inflammatory gene targets.  In addition, the expression of a number of MAP kinases 

including p38, ERK, and Akt also facilitates pro-inflammatory sequelae (171, 280).  In 

polarized tissues such as the intestinal epithelium, TLR5 is expressed on the basolateral 

surface of cells.  TLR5 is also expressed on a variety of additional mucosal surfaces of 

the human body including respiratory, renal, urogenital, and ocular epithelial cells (280). 

C. difficile flagellin has recently been reported to induce TLR5 signaling 

pathways in gastrointestinal epithelial cells (25, 294), primary though NFκB signaling 
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and to a lesser extent through MAPKs.  In the context of CDI, FliC monomers could be 

encountered by host intestinal epithelial cells thorough natural breakage and de-

polymerization of flagellar filaments during the vegetative cell infectious cycle.  

Signaling through TLR5 using C. difficile flagellin as a ligand results in the production of 

the inflammatory cytokines IL-8 and CCL20 (191), however, the defined impact of TLR5 

signaling toward combating CDI remains undetermined.  Intraperitoneal administration 

of S. typhimurium flagellin was shown to be protective in murine models challenged with 

C. difficile (129).  Similarly, recombinant C. difficile flagellin also proved effective in 

mouse studies and provided partial protection in hamster models of CDI (94). 

 

The FliD protein of C. difficile.  The C. difficile flagellar filament is comprised of 

thousands of copies of a glycosylated FliC protein, and five to ten copies of FliD.  Similar 

to the fliC gene, one of the first analyses of fliD in C. difficile examined its utility as an 

epidemiological tool for strain typing (260).  In direct contrast to the epidemiological use 

of fliC, restriction fragments generated by C. difficile fliD digestion revealed the fliD 

gene lacked the power to discriminate among strains of different serotypes due to strong 

sequence conservation.  Two major RFLP patterns were observed, with a third being seen 

in one of 46 strains tested encompassing all known serotypes (260).  The high level of 

fliD sequence similarity among the analyzed strains (88-100% identity) was suggestive of 

a conserved function which likely included functioning as a host cell adhesin (260) FliD 

had been demonstrated to do in other bacterial systems.  Despite this high level of 

sequence conservation, the fliD gene was initially utilized in MSLT strategies for C. 

difficile strain typing in conjunction with six other housekeeping genes (152). 



 

175 
 

 

Serological responses to FliD during CDI.  As FliD is a surface exposed protein and 

readily oligomerizes, it represents a good target for the host to mount a serological 

response against.  Antibodies raised against FliD have been demonstrated to both inhibit 

bacterial colonization by blocking attachment to host cells, and inhibit bacterial motility 

in vitro.  However, relatively little is known regarding the host serological response to C. 

difficile FliD or the role of FliD-specific antibodies during infection. 

In 2005, Péchiné et al. reported the presence of FliD antibodies in CDI patient 

sera (194), and suggested that FliD has greater immunogenic potential than that of FliC 

(192).  Anti-FliD antibodies were observed at higher levels in control serum from patients 

which were not afflicted with CDI, suggestive of a protective role for FliD-specific 

antiserum (192).  However, due to high levels of sequence conservation and similar 

domain structure of FliD from C. difficile and other bacteria, it is difficult to ascertain the 

significance of these data.  Since that time, FliD has been expressed on the surface of B. 

subtilis spores as potential oral vaccine (182), but no in vivo data exists to support such 

an approach.  Similarly, a phage antibody display library has been used to generate robust 

anti-FliD antibodies which inhibited bacterial motility (235), but such antibodies were not 

tested in in vivo in animal challenge studies.  

 

The role of FliD in C. difficile colonization and virulence.  The first analysis of the role 

of the FliD protein in mediating attachment and intestinal colonization in vitro (258) used 

radiolabeled, recombinant FliD.  The labeled FliD bound cecal mucus derived from 

axenic mice, but not porcine stomach mucus, suggestive of potential species specificity 
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with regard to mucin binding.  Interestingly, radiolabeled Vero cells also bound the 

recombinant FliD, but failed to bind FliC.  This was suggestive of both the presence of a 

cellular receptor on the surface of Vero cells for FliD, as well as the function of FliD as 

an adhesin (258). 

The first study to examine a direct role for C. difficile FliD in host colonization 

utilized recombinant FliD and a C3H germ-free murine model of C. difficile colonization.  

Nasal, rectal, and gastric routes of immunization with FliD encapsulated in freeze dried 

microparticles were evaluated, with the rectal route providing superior generation of 

specific serum IgG and intestinal IgA (193).  Immunization with a combination of 

encapsulated FliD and other surface proteins was found to inhibit C. difficile colonization 

of murine gastrointestinal tissues (193), but colonization levels in animals immunized 

with FliD alone were not reported. 

Only two studies have provided a cursory analysis of the role of FliD in C. 

difficile pathogenesis.  The first study reported an isogenic fliD mutants of the laboratory 

strain 630Δerm was non-motile and aflagellate, was more adherent to C2BBE cells, and 

was more virulent in the hamster model of acute CDI (66).  No additional explanation or 

mechanistic investigation as to why the fliD mutant was more virulent was provided.  A 

second investigation provided evidence from a more clinically relevant OA-CD isolate, 

strain R20291 (12).  In this analysis, and in contrast to the results published by Dingle et. 

al. using strain 630Δerm, the fliD mutant of strain R20291 attached less efficiently to 

C2BBE cells than the wild type strain, consistent with its hypothesized role as an adhesin.  

The R20291 was also demonstrated to contain higher levels of tcdA transcript than wild 

type levels, suggestive of an increase in C. difficile toxin gene expression (12) 
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reminiscent of the situation in a fliC mutant.  While the work of Baban et. al. tested 

R20291 flagellin (fliC) mutants in the context of colonization, no additional analysis was 

performed with respect to virulence with the R20291 fliD mutant. 

In sum, our current understanding of the role of FliD in C. difficile pathogenesis is 

lacking.  Aside from the work of Baban and colleagues (12), no in vivo analysis of 

isogenic fliD mutants generated in clinically relevant C. difficile strain backgrounds has 

been undertaken. Such experiments are necessary in order to gain a comprehensive view 

of the role of FliD in both C. difficile colonization and virulence.   The results of Baban 

et. al. are suggestive of differential toxin gene regulation in a fliD mutant background, a 

phenomenon also observed in isogenic flagellin mutants (12), but this finding requires 

more robust analysis to be unequivocally demonstrated in OA-CD lineages.  

Interestingly, Aubrey et. al. reported mutations in the F3 region genes including fliF, fliG, 

fliM, and flhB-fliR genes resulted in a significant decrease in toxin gene expression (10).  

This finding, coupled with the work of Dingle et. al. and Baban et. al. suggest that 

specific flagellar operon components may influence both the positive and negative 

regulation of toxin gene targets as previously described.  Therefore, the C. difficile 

flagellar locus likely exerts its influence on toxin gene expression through a dynamic yet 

undetermined mechanism. 

The role of C. difficile FliD in colonization of the host also warrants further 

investigation. While encouraging preliminary data generated from the early studies of 

Tasteyre et al. attempting to elucidate potential mucosal ligands for the FliD binding, 

including cecal mucus and cell surface proteins, many of these results can be refined 

using experimental methodologies not available at the time.  These data in total suggest 
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that the FliD protein of C. difficile is indispensable for flagellar assembly, likely 

functions as an adhesin, and its synthesis can influence toxin gene expression in variant 

strain backgrounds. 
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RATIONALE AND SIGNIFICANCE 
 

 The FliD capping protein could significantly influence the virulence of C. difficile 

by either acting as a bacterial adhesin mediating attachment to host gastrointestinal 

tissues, or though regulating the production and sequestration of flagellin monomers 

secreted into the extracellular milieu.  To examine these possibilities, we constructed 

isogenic fliD deletions in a number of clinically important C. difficile strain backgrounds 

and analyzed the compensatory response to the loss of fliD expression in the context of 

growth, motility, attachment to human intestinal epithelial cells, sporulation biofilm 

formation, and toxin secretion.  fliD mutants were also assessed for potential virulence in 

the hamster model of acute CDI.  FliC secretion levels were determined for fliD mutants, 

and supernatants from fliD mutants were used in TLR5 stimulation assays to examine the 

mammalian cell response to increased relative FliC levels.  Finally, to elucidate a 

potential role for TLR5 signaling during CDI, two independent in vivo analyses of fliD 

mutant virulence and colonization were undertaken in both the hamster model of acute 

CDI and a mouse model of CDI colonization and virulence. 



 

180 
 

METHODS 
 

Quantitation of secreted FliC from C. difficile culture supernatants.  Overnight 

cultures were diluted 1:50 in 35mL of pre-reduced BHI and were incubated for nine 

hours at 37°C to allow the cultures to reach the late-logarithmic phase of growth.  Care 

was taken to not allow the cultures to grow longer than nine hours, as significant flagellin 

degradation was observed after that time.  Following nine hours of incubation, the 

cultures were pelleted by centrifugation at 4,000 rpm for 10 minutes, and the culture 

supernatants collected.  Supernatants were concentrated to 500µL total volume by 

centrifugation through a 3kDa molecular weight cut-off column (EMD Milipore) at 4°C.  

HALT protease inhibitor cocktail (ThermoFisher) was added to prevent degradation of 

secreted proteins. Total protein was quantitated using the BCA assay (Piere) per 

manufacturer’s instructions.   

In the case of western blotting, samples were normalized and electrophoresed on 

4-20% TGX gradient PAGE gels (BioRad) and electro-transferred to nitrocellulose 

membranes.  Immunodetection for FliC was performed as previously described.  In the 

case of slot-blotting, varying normalized protein amounts in 100µL total volumes were 

loaded into the slot-blot manifold, and vacuum pressure was applied to pull the protein 

suspensions onto nitrocellulose.  Two blots were generated per experiment; one was 

stained with Ponceau Red S to visualize total protein, while the other was processed for 

FliC immunodetection as previously described for western blotting.  

 

IL-8 induction and quantitation.  Confluent intestinal epithelial cell (HT-29) 

monolayers were stimulated with normalized concentrations of C. difficile filter-sterilized 
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nine-hour culture supernatant resuspended in serum-free cell culture media.  Following 

overnight (12 hours) induction, supernatants were collected, filter-sterilized, and analyzed 

by ELISA (Quantikine IL-8, R&D Systems, Minneapolis, MN) per the manufacturer’s 

instructions to determine relative IL-8 levels per sample.  ELISA plates were read on an 

automated microplate reader (BioTek) at 570nm.  Results were normalized to background 

levels of IL-8 induction derived using a C. difficile BI-1 fliC mutant.  TLR5-blocking 

were performed using the IL-8 ELISA kit, supernatants harvested from the C. difficile BI-

1 fliD mutant, and increasing concentrations of human TLR5-specific antibody 

(Invivogen, San Diego, CA).   

 

Quantitative measurement of spore burdens of infected hamsters and mice.  Fecal 

pellets were collected one day prior to infection, and daily following infection of animals 

with C. difficile.  0.1g of dried fecal material was weighed, added to 1mL PBS, allowed 

to re-saturate for 30 minutes.  Samples were then vigorously vortexed, and serially 

diluted in PBS.  Finally, the diluted samples were plated on TCCFA to stimulate C. 

difficile spore outgrowth.  Following 48 hours of incubation at 37°C in anaerobic 

conditions, colonies representing germinated spores were enumerated and spore burdens 

were determined. 

 

Murine infections.  The cefoperazone-treated murine model of C. difficile colonization 

was used (267) to measure C. difficile BI-1 wild type and fliD mutant colonization and 

virulence with and independent of TLR5.  Briefly, C57B6 and transgenic C57B6tlr5
-/-

 

mice were purchased (B6(Cg)-Tlr5
tm1.1Gwer

/J, The Jackson Laboratory, Bar Harbor, ME) 
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and treated with 0.5mg/mL cefoperazone in their drinking water for a total of 10 days.  

Following this time, cefoperazone was removed and the mice allowed to recover for a 

period of two days prior to infection.  Cefoperazone-treated mice were subsequently 

gavaged with 1x10
6
 C. difficile vegetative cells and monitored for signs of disease.  

Animal tissues were processed for histological and ultrastructural analysis as previously 

described.  Moribund animals were euthanized using protocols approved by the 

University of Arizona IACUC. 
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RESULTS AND DISCUSSION 
 

fliD mutagenesis results in a loss of motility and flagellar assembly.  Similar to 

studies in Chapter 2 concerning the fliC gene, the ClosTron system of intron-mediated 

gene inactivation was used to generate isogenic mutations in the C. difficile fliD gene 

(Figure 3.1A).  These mutations were confirmed by PCR using specific primers against 

both the erm RAM, as well as those flanking the fliD locus.  PCR results positive clones 

using fliD-specific primers result in a significant increase in amplicon size, from 500 to 

2000 base pairs, due to the insertion of the intron (Figure 3.1B).  Results in this figure 

are for C. difficile strain BI-1, but fliD mutants were generated and verified two 

additional C. difficile strains (T7 and CDC1) encompassing different phylogenetic 

lineages and all flagellar locus architecture types (Figure 3.2C). 

 To examine the effects the loss of FliD expression had on flagellar assembly in C. 

difficile, vegetative cells were visualized using high resolution SEM.  The wild type 

strain BI-1 readily assembled robust flagellar filaments, while the cognate fliD mutant 

failed to assemble flagella (Figure 3.1C).  Further, failure to assemble flagellar filaments 

rendered the fliD mutant non-motile (Figure 3.1D).  Plasmid complementation of the fliD 

mutant resulted in a restoration of the motile phenotype at levels comparable to that of 

BI-1 (data not shown). 
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A B 

C D 

Figure 3.1.  Mutagenesis of C. difficile fliD.  A)  Schematic depicting mutagenesis 
and PCR verification strategy for C. difficile fliD mutants.  B)  PCR verification of 
ClosTron intron integration and insertional inactivation of fliD.  C)  Confirmation of 
loss of flagellar assembly by BI-1 fliD mutants by high resolution SEM.  D)  Loss of 
motility in a C. difficile BI-1 fliD mutant. 
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Expression and purification of recombinant FliD-HIS.  The C. difficile BI-1 FliD 

protein was expressed as a Myc-HIS fusion protein and purified from E. coli DH5α.  The 

purified FliD-HIS fusion was visualized as a single protein species of approximately 

55kDa (Figure 3.2A), and reacted with anti-HIS serum (Figure 3.2B).  The recombinant 

FliD was used to raise polyclonal C. difficile FliD-specific antiserum.  This antiserum 

reacted specifically against FliD isolated from multiple C. difficile strains, and was used 

to confirm loss of FliD expression in BI-1, T7, and CDC1 fliD mutants (Figure 3.2C).  

Importantly, as described for FliC, CDC1 harbors the fliD gene but does not express 

surface-localized flagella due to a loss of the F3 region of the C. difficile flagellar locus. 
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Figure 3.2.  Generation of C. difficile FliD-HIS and FliD-specific antisera.  A) 
Recombinant FliD was expressed and purified from E. coli DH5α using the pTricHis-2 
Topo expression system.  B)  The resulting fusion protein was detected with anti-HIS 
antiserum by immunobloting.  C) Antiserum against the recombinant FliD protein was 
used to screen representative fliD mutants to confirm loss of FliD expression. 

A B 
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fliD mutagenesis does not impact C. difficile growth kinetics.  Before studying the 

various phenotypes which resulted from a loss of FliD expression, fliD mutant strains 

were assessed in growth kinetics experiments to assure fliD mutagenesis resulted in no 

deleterious effects on vegetative cell growth.  No obvious changes in either growth 

kinetics or bacterial titers at maximal optical density were identified among fliD mutants 

of strains BI-1 (Figure 3.3A), T7 (Figure 3.3B), and CDC1 (Figure 3.3C). 
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A 

B 

C 

Figure 3.3.  Mutagenesis and plasmid complementation of fliD does not impact C. 
difficile growth kinetics.  Representative wild type, fliD mutants, and plasmid 
complemented of strains A) BI-1 (RT 027), B) T7 RT 012) and C) CDC1 (RT 078) 
were analyzed in 12 hour growth kinetic experiments.  Cultures titers were quantified 
at maximal OD600 to assure mutagenesis did not impact cell density during log and 
stationary phases. 
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fliD mutagenesis causes strain-specific impacts on C. difficile attachment to C2BBE.  

Loss of flagellar assembly due to fliC-mutagenesis caused C. difficile vegetative cells to 

precipitate from solution and adhere more robustly to C2BBE cells (Figures 2.7B, C).  To 

investigate the contribution of FliD to C. difficile attachment to host epithelial cells, 

isogenic fliD mutants were compared to their cognate wild type strains with respect to 

their ability to adhere to C2BBE monolayers.  Strains containing each type of flagellar 

locus architecture were selected.  In these studies, the strain T7 was used in place of 

630Δerm which had been used previously as a strain harboring Type B flagellar locus 

architecture.  T7 is non-toxigenic (i.e. does not encode genes for TcdA and TcdB) and 

was selected to serve as a strain which would allow the analysis of the role of the 

flagellum in in vivo experiments independent of toxin production (Figures 3.12, 3.13).  

In contrast to FliC, the FliD protein is recognized as a bona fide adhesin in other 

bacterial systems, often mediating critical interactions between the organism and the host.  

Previously, recombinant C. difficile FliD was determined to specifically bind murine 

cecal mucus, while the FliC protein did not (258).  In the case of C. difficile BI-1, loss of 

FliD expression resulted in a significant increase in the levels of bacterial attachment to 

C2BBE monolayers (Figure 3.4A) due to the elevated levels of cellular aggregation and 

precipitation from solution (data not shown) as seen with the BI-1 fliC mutant .  

However, this observed increase in attachment was unable to be reversed upon plasmid 

complementation of the fliD mutant despite the rescue of C. difficile motility.  

Aggregation kinetics of the fliD mutant revealed a modest increase in the level of 

vegetative cell aggregation in solution compared to wild type, but not to the degree 

observed in the BI-1 fliC mutant (data not shown).  The enhanced cellular attachment 



 

190 
 

phenotype may therefore be due to overexpression of the FliD protein from a plasmid 

vector as opposed to precipitation from solution. Similarly, these data also suggest the 

observed increases aggregation levels are likely due to biophysical effects of the loss of 

flagellar structures collectively rather than the loss of individual flagellar components. 

Attachment levels were also measured in the two additional C. difficile strain 

backgrounds, T7 and CDC1 (Figures 3.4B, C).  Both strains tended to exhibit modest 

decreases in the level of adherent bacteria, but these data were not statistically significant.  

These results are also reminiscent of the results observed with the 630Δerm and CDC1 

fliC mutants, whereby loss of flagellar structures in these strains did not result in a 

significant change in levels of attachment to C2BBE cells. 
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Figure 3.4.  Mutagenesis of BI-1 fliD results in elevated levels of attachment to 
C2BBE epithelial cells.  A) Mutagenesis of fliD results in an enhanced attachment 
phenotype in the BI-1 background.  This phenotype is unable to be reversed upon 
plasmid complementation.  B)  T7 fliD mutants do not exhibit significant differences 
in levels of attachment to C2BBE cells.  C) CDC1 fliD mutants do not exhibit 
significant differences in levels of attachment to C2BBE cells. 
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fliD mutagenesis causes unique pleotropic alterations in the C. difficile proteome.  It 

has been demonstrated that loss of FliC expression had resulted in broad pleotropic 

changes in the C. difficile proteome (Figure 2.14).  It was therefore important to 

determine if and what effects a loss of FliD expression might have on the proteome.  

Proteins were extracted from BI-1 wild type and fliD mutant cultures at three phases of 

growth (late-logarithmic, stationary growth phases; not shown), and relative levels of 

peptide abundance was determined by iTRAQ analysis.  Loss of FliD expression not only 

resulted in broad proteomic alterations, but the observed changes occurred in proteins 

assigned to functional categories different from those of the BI-1 FliC mutant (Figure 

3.5). Overlapping proteomic changes as compensatory responses to the loss of either 

FliC or FliD expression were only observed in proteins involved in flagellar-mediated 

motility.  Indeed, evaluations of individual proteins encoded in the flagellar locus 

revealed flagellar protein levels were uniformly downregulated in the FliD mutant 

compared to wild type.  This is indicative of the C. difficile biological response toward a 

loss of key flagellar components, as similar observations were made with respect to the 

fliC mutant.  In contrast, unique changes in levels of proteins involved in fermentation, 

lipid synthesis, folate synthesis, cell cycle regulation, and cellular respiration were 

observed in the fliD mutant which was not seen in the fliC mutant (Figure 3.5). 

 A working hypothesis which was previously proposed in Chapter 2 for the role of 

intracellular FliC concentration in mediating broad proteomic changes through the 

activity of SigD in the BI-1 fliC mutant could therefore also be applied to the cognate fliD 

mutant.  Loss of FliD expression results in an open, uncapped flagellar pore through 

which FliC monomers are secreted in an unregulated fashion (Figures 3.11A, B).  This 
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unregulated secretion of FliC monomers results in an unstable and rapidly changing pool 

of cytosolic FliC during growth phases when flagellar biosynthesis is usually active (i.e. 

mid-logarithmic phase).  Therefore, the regulatory networks governing flagellin 

homeostasis (FliW-CsrA, SigD-FlgM, FliS-FlgM) are responding to constant and erratic 

changes in intracellular FliC concentrations in the BI-1 fliD mutant background.  Many of 

these proteins (i.e. SigD, CsrA) regulate the expression of additional cellular targets 

outside of the C. difficile flagellar system, and fluctuation in their levels as a response to 

intracellular concentrations may drive the broad and unique proteomic changes observed 

in the BI-1 fliD mutant. 
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Figure 3.5.  Loss of FliD expression results in proteomic changes unique from 
those observed in a fliC mutant. Quantitative comparative proteomic analysis of C. 
difficile BI-1 vs. its cognate fliD mutant revealed significant changes in gene 
expression in both flagellar gene expression (indicated by the asterisk) and in proteins 
impacting basic metabolic functions.  Importantly, these changes were non-redundant 
with respect to the BI-1 fliC mutant, suggestive of a differential biology governing 
gene expression in the BI-1 fliC and fliD mutant backgrounds. 
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fliD mutagenesis does not impact C. difficile sporulation kinetics.  Since the FliD 

status of motile organisms can have a significant impact on the intracellular and secreted 

levels of flagellin, loss of FliD may have impacts on C. difficile biology beyond motility 

loss in a manner similar to flagellin.  Indeed, broad pleotropic changes were observed in 

the host cell proteome of the BI-1 fliD mutant when compared to the wild type strain as 

previously discussed (Figure 3.5).  To assess the impact these changes might have on C. 

difficile biology and virulence, a collection of in vitro studies were undertaken to catalog 

changes observed in C. difficile vegetative cells as a response to fliD mutagenesis.

 Sporulation in C. difficile is induced under conditions of metabolic stress, and 

quantitative measurements of sporulation kinetics were undertaken using three strains of 

C. difficile and their cognate fliD mutants: BI-1, CDC1, and T7 (Figure 3.6).  In contrast 

to data from the BI-1 fliC mutant (Figure 2.9A), fliD mutagenesis does not result in 

significant changes in either sporulation kinetics or the overall number of spores 

produced over five days (Figure 3.6A).  Similar results were observed in both the T7 and 

the CDC1 backgrounds (Figures 3.6B, C), with the exception in a 96 hour temporal shift 

in sporulation kinetics in the T7 background (Figure 3.6B).  Therefore, while loss of fliC 

expression impacts both the overall number of spores and sporulation kinetics of both BI-

1 and CDC1 (Figures 2.9A, C), similar results were not observed when interrogating an 

isogenic fliD mutant in either strain background. 
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Figure 3.6.  Loss of FliD expression does not robustly impact C. difficile 
sporulation kinetics.  A)  Loss of FliD in the BI-1 background does not robustly 
impact sporulation kinetics.  B)  Sporulation kinetics are slightly enhanced due to a 
loss of FliD expression in the non-toxigenic C. difficile strain T7.  C)  Sporulation 
kinetics are not impacted in a CDC1 fliD mutant background.  
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fliD mutagenesis does not impact C. difficile biofilm formation.  As a corollary to 

sporulation studies, an investigation into the impact of loss of FliD expression on biofilm 

formation was also undertaken.  In a fliC mutant, biofilm expression was not significantly 

impact in either the BI-1 or CDC1 strain background, while the 630Δerm background 

was significantly enhanced for biofilm formation (Figure 2.10A-C).  In contrast to these 

data, biofilm formation was not impacted in any fliD mutant background analyzed 

(Figure 3.7A-C).  
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A B 

C 

Figure 3.7.  Loss of FliD expression does not impact C. difficile biofilm formation.  
Biofilm formation was not influenced by the loss of FliD expression in A) C. difficile 
BI-1, B) C. difficile T7, or C) C. difficile CDC1. 



 

199 
 

fliD mutagenesis causes a uniform increase in levels of secreted toxins.  In previous 

investigations, loss of FliC expression resulted in a uniform, reproducible increases in the 

levels of both TcdA and TcdB in C. difficile culture supernatants (Figures 2.17A, 2.18B).  

These observed increases were also accompanied by a temporal shift in toxin secretion 

whereby toxins tended to be secreted at earlier time points in fliC mutant backgrounds 

(Figure 2.17C).  To determine if any role exists for FliD in modulating C. difficile toxin 

secretion dynamics, similar experiments were undertaken using isogenic fliD mutants 

representing a diverse sampling of clinical isolates (Figure 3.8).  BI-1 represents a 

historical, non-OA CD RT 027 isolate, while BI-8 represents a recent OA-CD outbreak 

strain.  CDC1 does not assemble surface flagellar structures due to a loss of the F3 region 

of the C. difficile flagellar locus.  JIR8094 is a RT 012 strain, similar to 630Δerm from 

previous experiments, but assembles flagellar filaments which are non-functional (167).  

Finally, CF2 represents the 017 RT which harbors a PaLoc that encodes only TcdB, 

lacking the tcdA gene.Both TcdA and TcdB were detected by quantitative 

immunoblotting (Figure 3.8), and findings have been verified by toxin-specific ELISA 

(data not shown).  Changes in secretion temporality were somewhat strain-specific, 

although fliD mutants generally secreted more toxin than their cognate wild type strain by 

72 hours of growth.  Plasmid complementation of multiple strains resulted in only partial 

reversal of the toxin phenotype (data not shown).  This is consistent with the inability of 

the plasmid to complement the observed attachment phenotype in the BI-1 fliD mutant, 

and suggests that expression of the fliD gene from an artificial plasmid system is 

insufficient for full complementation of fliD mutant phenotypes in C. difficile.    



 

200 
 

BI-1 exhibited uniform, reproducible changes in both overall toxin levels and the 

temporality of toxin secretion, and was selected for continued studies in both the hamster 

model of acute CDI, and the cefoperazone-treated mouse model of CDI colonization.  

Interestingly, the JIR8094 fliD mutant also expressed more toxin than its parental strain, 

uncoupling the physical action of motility from toxin gene regulation.  Furthermore, and 

in agreement with previous observations in the fliC mutant background, the CDC1 fliD 

mutant produced significantly more TcdB with altered temporality.  These data support 

the hypothesis that it is likely not surface exported flagellin which influences the 

regulation of toxin gene expression, but rather the intracellular pool of cytosolic FliC and 

its influence on flagellin regulatory machinery. 
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Figure 3.8.  Loss of FliD expression results in elevated levels of secreted toxin.  
BI-1 and BI-8 (RT 027), CDC1 (non-motile, aflagellate RT 078), JIR8094 (non-
motile, assembles nonfunctional flagella RT 012), CF2 (motile, toxin A-negative, B-
positive, RT 017).  The amount of total protein loaded is all samples for that strain 
indicated at right. 
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A BI-1 fliD mutant exhibits enhanced virulence in the hamster model.  To examine 

how the phenotypes described above may impact the behavior of the BI-1 fliD mutant in 

the mammalian host, the hamster model of acute CDI was used to measure the virulence 

of these strains.  Animals were provided with 1,000 spores orally as previously described 

(Figure 2.11A) and monitored for the development of enteric disease.  In the hamster 

model, the BI-1 fliD mutant exhibited significantly faster time to death (Figure 3.9A).  

These data are similar with observations made regarding the behavior of the BI-1 fliC 

mutant in the hamster model, and are consistent with a unified mechanism of virulence 

enhancement through enhanced toxin production.  The plasmid complemented mutant 

strain failed to rescue the phenotype, consistent with the previous observation that 

plasmid-mediated expression of the FliD protein is insufficient for the complete reversal 

of fliD mutant phenotypes beyond motility. 

 Observations of gross pathological changes in the intestinal tracts of infected 

animal are largely reminiscent of those observed in fliC mutant infected animals (Figure 

2.12), but also exhibit key differences.  The C. difficile BI-1 fliC mutant induced 

significant levels of inflammation in the small intestine, cecum, and colon.  In this 

experiment using the BI-1 fliD mutant, significant inflammation and hyperemia were 

observed in cecal tissues, but the small intestine was not as impacted as it was in the case 

in both the BI-1 wild type strain (Figure 3.9, black arrowhead) and the BI-1 fliC mutant 

(Figure 2.12).  The cecum of BI-1 fliD mutant infected animals was grossly hemorrhagic 

(open arrowhead), and blood was often detected in the liquefied cecal contents by fecal 

occult blood screening, a finding not observed in either the BI-1 or the BI-1 fliC mutant.  

The colon was evacuated in all infected animals indicative of diarrheal disease (white 
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arrowhead).  The plasmid complemented fliD mutant exhibited signs of severe 

intoxication including a grossly inflamed small intestine and cecal hemorrhage consistent 

with incomplete complementation of the toxin phenotype. 

 The cecal contents of BI-1 fliD mutant infected animals contained relatively less 

toxin than either the BI-1 wild type or plasmid complemented strain as determined by 

ELISA (Figure 3.9C).  Similar results were observed during the analysis of the cecal 

contents of fliC mutants (Figure 2.11C).  Despite the tendency of these strains to secrete 

elevated levels of C. difficile toxins, severe diarrheal phenotype associated with both fliC- 

and fliD mutant infections may flush toxin from the system obscuring this result.  Similar 

numbers of spores were recovered from the cecal contents of all animals infected (Figure 

3.9A), supported by the observed lack of impact of a fliD lesion on sporulation kinetics in 

this strain background (Figure 3.6A). 

 Histopathological and ultrastructural analysis of infected hamster tissue was 

undertaken to evaluate pathological phenotypes due to infection with either the BI-1 fliD 

mutant or the wild type strain.  High resolution SEM analysis of BI-1 fliD mutant 

infected cecal tissue revealed only slightly elevated levels of apoptotic cells when 

compared to tissue from animals infected with the wild type strain (Figure 3.10A).  This 

is in sharp contrast to the BI-1 fliC mutant, which caused marked increases in the number 

of dead or dying cells in infected hamster cecal tissue (Figure 2.13A).  This may be 

suggestive more C. difficile toxin being secreted in a fliC mutant background when 

compared to a fliD mutant strain, although the overall time to death in these animals was 

relatively similar.   
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Figure 3.9.  A BI-1 fliD mutant exhibits increased virulence in the hamster model 
of acute CDI.  A)  Animals infected with the BI-1 fliD mutant succumb to disease 
faster than those infected with the BI-1 wildtype strain.  Plasmid complementation is 
not able to rescue this phenotype in vivo.  B)  Gross pathological changes associated 
with infection with fliD mutant strains.  C) Quantitation of C. difficile toxin from 
liquefied cecal contents by ELISA revealed hamsters infected with the fliD mutant 
contained less net toxin in their respective cecal contents. By contrast, cecal contents 
of animals infected with plasmid complemented strains contained significantly more 
toxin.  D)  More spores were recovered from the cecal contents of animals infected 
with the fliD mutant than those infected with the BI-1 wildtype strain. 



 

205 
 

  

A 

B 

Figure 3.10.  Ultrastructural and histopathological analysis of BI-1 fliD mutant-
infected hamster tissues.  A)  High resolution scanning electron microscopy reveals 
similar pathological effects on cecal tissue from fliD mutant-infected and BI-1 wild 
type infected animals.  B)  Colonic tissue of fliD mutant infected hamsters exhibits 
significant inflammatory infiltrate.  C)  Schematic depicting the anatomical sites of 
hamsters impacted by infection with either the BI-1 wild type strain, or the cognate 
fliD mutant.   
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A BI-1 fliD mutant secretes high levels of monomeric flagellin.  Colonic tissue from 

fliD mutant infected hamsters exhibited significant amounts of inflammatory infiltrate 

compared to wild type infected animals (Figure 3.10B).  In other bacterial species 

including S. typhimurium (117), loss of FliD expression results in the failure to assemble 

flagellar filaments due to the uncontrolled secretion of flagellin into the extracellular 

milieu during flagellar assembly.  In the context of infection and the host response, this 

secretion of monomeric FliC could potentially result in activation of inflammatory 

signaling through recognition of the flagellin monomer by TLR5. 

 To test this hypothesis, culture supernatants were collected from the BI-1 

wildtype, fliD mutant, and the plasmid complemented strain.  Supernatant protein was 

concentrated, and the total protein was quantitated, normalized, and slot blotted.  

Detection of FliC in these supernatants by immunoblotting demonstrated significantly 

more FliC was present in the BI-1 fliD mutant than in the plasmid complemented strain 

(Figure 3.11A).  Interestingly, plasmid complementation restored the FliC secretion 

phenotype, where robust phenotypic restoration failed in experiments examining both 

attachment to C2BBE cells and toxin synthesis.   

In order to examine if the secreted FliC detected in the culture supernatant could 

initiate host cell inflammatory signaling through TLR5, normalized concentrations of 

bacterial culture supernatant was applied to the surface of cultured human intestinal 

epithelial cell (HT-29) monolayers.  IL-8 output was determined by ELISA as an 

endpoint marker for TLR5 activation (Figure 3.11B).  As expected, the supernatant from 

the C. difficile BI-1 fliD mutant induced a strong IL-8 response which was absent in both 

the wild type and fliC mutant strains.  To examine the FliC composition of the 
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supernatants applied to the HT-29 monolayers, proteins were separated by PAGE and 

immunoblotted against FliC.  The increase in IL-8 output caused by the BI-1 fliD mutant 

culture supernatant correlated with a significant increase in the FliC concentration of that 

supernatant (Figure 3.11B).  Finally, to establish that this recognition was directly 

attributable to TLR5 activity, normalized dosages of the same BI-1 fliD mutant 

supernatant was applied to HT-29 monolayers with increasing concentrations of 

antiserum against TLR5 (Figure 3.11C).  A dose dependent decrease in IL-8 output was 

observed following incubation with the anti-TLR5 antibody, implicating TLR5 signaling 

as the mechanism responsible for FliC detection and IL-8 induction. 
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Figure 3.11.  Loss of FliD expression results in the hypersecretion of monomeric 
flagellin into C. difficile culture supernatants.  A)  Slot-blot depicting standardized 
protein amounts loaded and the amounts of FliC protein detected from supernatants of 
both the BI-1 fliD mutant, and the plasmid complemented strain.  B)  Relative IL-8 
induction levels using supernatants from isogenic fliD and fliC mutants and plasmid 
complemented strains.  Representative FliC levels in each sample were determined by 
western blotting.  C)  Treatment of HT-29 cell monolayers with fliD mutant 
supernatants and increasing concentrations of a blocking TLR5 antibody diminishes 
IL-8 secretion in a dose-dependent manner. 
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Hypersecretion of FliC induces intestinal pathology independent of toxin.  As the 

flagellin of C. difficile could be sensed and stimulated inflammatory signaling through 

TLR5, and was hyper-secreted during flagellar assembly, two possible mechanisms could 

be active causing the enhanced virulence observed in the fliD mutant in hamsters.  The 

first mechanism is that increased amount of secreted toxin, as hypothesized for the fliC 

mutant, leads to a faster time of death.  Both toxin immunoblotting experiments (Figure 

3.8) and ultrastructural changes in the gastrointestinal tissues of infected animals (Figure 

3.10) supported this rationale.  However, the elevated level of monomeric FliC secretion 

(Figure 3.11A, B), along the elevated levels of inflammatory infiltrate observed with 

infection of the fliD mutant (Figure 3.10B) suggested that hyper-activation of host 

inflammatory signaling could also be a rationale for the enhanced virulence of the BI-1 

fliD mutant.  A combination of both explanations is most likely, but to either rule in or 

rule out the role of TLR5 in the pathogenesis of the BI-1 fliD mutant, a second animal 

experiment was undertaken. 

 The rationale for second hamster experiment was to answer the question: could 

overproduction and secretion of the FliC monomer cause pathological change in vivo?  

Low concentrations of flagellin (i.e. physiological concentrations encountered during 

infections with flagellated organisms) elicit robust immunological responses including 

the activation of macrophages, monocytes, epithelial cell inflammatory signaling, and the 

localized release of pro-inflammatory cytokines.  However, elevated doses in murine 

models has been reported to cause hypotensive shock, reduced vascular contractility, and 

death (71) due to a systemic inflammatory syndrome when high concentrations of the 

molecule gains access to the bloodstream.  Therefore, while physiological levels of 
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flagellin signaling may be beneficial to the host when combating infection and 

maintaining intestinal homeostasis, elevated levels of TLR5 signaling due to 

overproduction of flagellin are potentially devastating. 

 Prior to initiating a pilot experiment, a mechanism was needed to evaluate the 

function and phenotype of FliC activity in the host independent of the effects of toxin.  

The genetic tools available for the technical manipulation of the C. difficile genome do 

not currently allow for the construction of double mutants.  Similarly, experiments in 

both fliC- and fliD mutant backgrounds have demonstrated that the syntheses of these 

proteins are linked, and a mutagenic approach could lead to reciprocal effects on either 

flagellar assembly or intracellular FliC concentrations.  To get around these pitfalls, we 

constructed an isogenic fliD-mutatnt in C. difficile strain T7; a motile, non-toxigenic 

strain.  The resulting T7 fliD mutant secreted FliC monomers in a similar fashion as the 

BI-1 fliD mutant, and does not express either TcdA or TcdB as determined by western 

blotting (data not shown). 

 Both the wild type T7 strain and the isogenic fliD mutant were used in the 

hamster model of acute CDI.  Non-toxigenic strains will colonize the animal but do not 

induce pathological change due to a lack of toxin production.  In contrast to toxigenic 

backgrounds, animals infected with non-toxigenic strains continue to gain weight during 

the course of an experiment due to the absence of a diarrheic phenotype during infection 

(Figure 3.12A).  Consistent with previous observations regarding the kinetics of 

sporulation in vitro (Figure 3.6B), sporulation burdens in vivo were not significantly 

different over the first five days post infection (Figure 3.12B). 
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 Animals were sacrificed on days 3, 5 and 10 post infection, and the intestinal 

tracts were dissected out to observe any pathological change which could be attributable 

to a flID lesion.  Intestinal tracts of animals sacrificed on 5 days (Figure 3.13B) and 10 

days (data not shown) did not exhibit any symptomology indicative of disease.  This was 

not surprising as in flagellin-centered investigations of fliD mutant virulence, symptoms 

are often only detected early in the infective process and quickly resolve (15).  The large 

intestine of all animals tested contained stool pellets, and cecal contents were not 

liquefied as is encountered in in vivo analysis of toxigenic strains.  By contrast, the 

intestinal tracts of those animals sacrificed following 3 days of infection did exhibit 

modest pathological changes (Figure 3.13A).  Both the small intestine and the large 

intestine appeared to be significantly shorter in the animal infected with the T7 fliD 

mutant compared to the wild type infected animal (black arrowheads).  Interestingly, the 

cecum of the fliD mutant-infected animal also exhibited punctate foci of hemorrhage 

(Figure 3.3A inset).  Opening of the ceca of both animals revealed cecal contents with 

normal consistency, with occult blood detected in the cecal contents of the T7 fliD mutant 

which was not detected in the animal infected with the T7 wild type strain.   

 The symptomology of CDI in the hamster model is centered at the cecum, 

particularly in the case of fliD mutants.  In mice, TLR5 in the gastric epithelia cells is 

robustly expressed in the cecum and proximal colon, even under conditions of dextran 

sodium sulfate (DSS) induced colitis where it is downregulated at other intestinal sites 

(188).  TLR5 expression is highest in the cecum and proximal colon in mice, and 

diminishes as a gradient approaching the distal colon (266).  It therefore is tantalizing to 

speculate the reason the only anatomical site where symptomology was observed in a 
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hamster infection utilizing a T7 fliD mutant strain of C. difficile which hyper secretes the 

dedicated TLR5 ligand was at the cecum where TLR5 expression is highest (Figure 

3.13A).  However, despite the recent identification of a tlr5 homolog in the hamster, 

TLR5 expression has not been determined on an anatomical scale in the model.     
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A 

B 

Figure 3.12.  A non-toxigenic C. difficile fliD mutant robustly colonizes the 
hamster gastrointestinal tract.  A)  Infected animals do not lose weight as observed in 
animals infected with toxigenic strains.  B) No significant differences in spore burdens 
were observed between animals infected with either the T7 parental strain, or the 
cognate fliD mutant. 
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A 

B 

Figure 3.13.  A non-toxigenic C. difficile fliD mutant causes intestinal pathology 
at early time points during infection.  A) Cecal pathology observed in fliD mutant-
infected hamsters was not observed in animals infected with the wild type strain.  
Open arrowheads highlight areas of hemorrhage observed in fliD mutant infected 
animals.  Note little to no inflammation in either the small or large intestines (black 
arrowheads).  B)  Cecal symptomology resolves by five days post infection. 
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A TLR5 knockout mouse is resistant to pathology caused by flagellin 

hypersecretion.  In order to obtain a better understanding of the capacity of the BI-1 fliD 

mutant to induce pathological change in vivo, and the role of TLR5 signaling during CDI, 

a transgenic TLR5 mouse model was utilized (Figure 3.14).  The cefoperazone-treated 

mouse model is a colonization model for C. difficile as mice are not as sensitive to the 

effects of the toxin as hamsters.  Consequently, significant higher inocula are necessary 

for lethality in the mouse model.  Colonization of the mouse is precipitated through 

treatment of the animal with cefoperazone instead of clindamycin, and vegetative cells 

are used to infect the animal instead of spores as is traditionally done in the hamster 

model (267).  The rationale for using a TLR5 transgenic mouse was that if the TLR5 

pathway was responsible for pathological changes observed when animals were infected 

with a fliD mutant, than TLR5-null mice should be protected from developing 

gastrointestinal pathology when infected with this strain. 

 C57B6tlr5-/- and wild type C57B6 mice were infected with both the wild type BI-

1 C. difficile strain, and the isogenic fliD mutant (Figure 3.15A).  Animals exhibited 

signs of enteric disease including loose stool and significant weight loss three days post 

infection.  This is representative of a similar timeframe in which symptomology was 

observed in the hamster model infected with the T7 fliD mutant (Figure 3.12A, 3.13A).  

Intriguingly, the most significant percentage of total weight loss was observed in the 

C57B6 animals infected with the fliD mutant strain (close to 12% of their initial body 

weight).  In contrast, the C57B6tlr5-/- mice infected with the BI-f fliD mutant lost only 

6% of their initial bodyweight, comparable to C57B6 mice infected with both BI-1 and 

the BI-1 fliD mutant.  Thus, loss of TLR5 signaling exhibits a protective effect from 
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severe symptomology during infection with a strain which hyper-secretes FliC.  The 

animals recovered their respective weights as the study progressed.  Spore burdens also 

reached maximal levels approximately 3-4 days post infection (Figure 3.15B) and then 

stabilized.  Importantly, there was no difference in spore burdens between all four 

experimental conditions, suggesting all mice were infected with equal efficiency, and 

robustly colonized. 

 Intestinal tracts of euthanized animals were dissected out for gross pathological 

observation (Figure 3.16).  Stool pellets were clearly visible in the small intestines of all 

animals, and, with the exception of the wild type BI-1 infected animals in the C57B6tlr5-

/- mouse background, cecal contents were of normal consistency.  The intestinal tracts of 

C57B6 mice infected with either the BI-1 or the fliD mutant strain looked similar to the 

mock infected animal.  By contrast, the TLR5 mouse infected with the wild type BI-1 

strain appeared to have an evacuated cecum (black arrowhead), and inflammation seen in 

the large and small intestine proximal to the cecum when compared to the C57B6tlr5-/- 

mouse which did not exhibit such pathological change.  Interestingly, the anatomical sites 

which appeared to be affected in these animals are the same site where TLR5 expression 

is determined to be maximal in murine systems (188, 266). 

In a recent study of Salmonella-derived FliC as a protective agent against C. 

difficile infection, stimulation of TLR5 by physiological levels of FliC resulted in 

improved pathological change in the murine cecum (129); flagellin was delivered via 

intraperitoneal injection.  In our studies, however, hyper-stimulation through the same 

cell signaling pathway (via a direct gastrointestinal tract exposure to the organism) 

resulted in a detrimental effect during CDI.  Therefore, TLR5 represents an important 
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mediator of intestinal pathology during CDI.  Flagellin expression by the organism must 

be tightly regulated to avoid detection by the resident immune system, and 

overstimulation of host inflammatory signaling.  C. difficile employs multiple 

mechanisms to regulate such signaling including a complex genetic regulatory circuit 

governing FliC expression (described in Chapter 2) and a system of post-translational 

modification of the FliC molecule which impacts TLR5 recognition (described in Chapter 

4).  Additionally, our laboratory has demonstrated that recently isolated OA-CD strains 

downregulate flagellar expression, potentially as a mechanism to subvert detection via 

TLR5 (data not shown). 

In sum, loss of either FliC or FliD expression results in dramatic changes at the 

bacterial cell surface, and impacts both C. difficile metabolism and pathogenesis in the 

mammalian host (Figure 3.17).  Loss of fliC expression results in robust hypersecretion 

of both TcdA and TcdB into the extracellular milieu presumably due to a loss of 

intracellular FliC, resulting in enhanced virulence in vivo.  Culture supernatants from fliC 

mutants exhibit a lack of signaling through TLR5 also due to the loss of FliC expression.  

Conversely, fliD mutants secrete elevated levels of both TcdA and TcdB.  This could be 

due to fluctuations in the concentration of intracellular flagellin pools due to unregulated 

FliC secretion, but experimental evidence has yet to be derived to support this hypothesis.  

FliC secreted from the cell results in hyper-stimulation of TLR5 resulting in strong pro-

inflammatory signaling that impacts C. difficile virulence.   

A number of unanswered questions remain regarding the biology of the FliD 

molecule and the role of FliC during CDI.  Data from this work and previous studies 

suggests the FliD protein functions as an adhesin, but the cellular ligand responsible for 
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FliD binding remains unidentified.  Future work will be dedicated toward elucidating the 

identity of this molecule, as well as further characterizing FliD-epithelial cell 

interactions.  Additionally, impact of FliD mutagenesis of the concentration of 

intracellular FliC has yet to be determined.  Future work will also be directed toward 

refining our understanding of the relationship between flagellin homeostasis, C. difficile 

metabolism, toxin production, and TLR5 signaling. 
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Figure 3.14.  Schematic detailing the manipulation of the cefoperazone-treated 
mouse model for CDI. 
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A 

B 

Figure 3.15.  Cefoperazone-treated C57B6 and C57B6tlr5-/- mice are susceptible 
to infection with a BI-1 fliD mutant. A) C57B6 mice infected with the fliD mutant 
lost significantly more weight than the C57B6tlr5

-/-
 mouse infected with the same 

strain.  B) No significant differences in spore burdens were detected between 
experimental conditions. 
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Figure 3.16.  Cefoperazone-treated C57B6 and C57B6tlr5
-/-

 mice infected with 

BI-1 and an isogenic fliD mutant exhibit differential intestinal pathology.  Black 

arrowheads indicate cecal pathology observed in the TLR5 knockout mouse infected 

with the BI-1 wild type strain that were not observed in the C57B6tlr5
-/- 

mouse 

infected with the same strain. 
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Figure 3.17.  Summary of bacteriological changes associated with loss of either 
FliC or FliD expression in C. difficile BI-1. 
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CHAPTER 3 HIGHLIGHTS 

 

• Loss of the flagellin capping protein FliD impacts motility, flagellar assembly, 

and C. difficile toxin synthesis 

• Loss of FliD expression induces broad changes in the C. difficile proteome unique 

to those observed in a fliC mutant 

• Loss of FliD expression results in hypersecretion of flagellin monomers into 

extracellular environment which can result in robust inflammatory signaling 

through TLR5 

• TLR5 signaling contributes to enteric disease during CDI 
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CHAPTER 4:  POST-TRANSLATIONAL MODIFICATION OF THE 

CLOSTRIDIUM DIFFICILE FLAGELLIN MODULATES TOXIN 

PRODUCTION, CELL SURFACE PROPERTIES, AND HOST CELL 

SIGNALING 

 

BACKGROUND 

 

Overview.  The addition of glycan moieties to proteins is the most abundant form of 

post-translational modification known to exist in nature (185).  It is now known that 

glycosylation mechanisms are utilized in both prokaryotic and eukaryotic kingdoms; 

however, when the process was first identified, it was believed to be a unique facet of 

eukaryotic biology.  Glycosylation influences many physical and biochemical aspects of 

a target protein including function, molecular weight, folding, processing, and trafficking.   

While mucins had been reported to be composed of both protein and carbohydrate 

components, the first report of an actual modification of a protein primary structure with 

glycan attachment was egg albumin reported in 1938 (183).  Forty years later, the first 

bacterial and archaeal glycoproteins were described.  These were S-layer proteins of 

Halobacterium sp. and Clostridium sp. which were decorated with O-linked glycans 

(185).  Twenty years later, the first bacterial N-linked glycosylation system was reported 

in C. jejuni (185, 255).  It is currently thought that up to 150 proteins with various 

cellular functions in C. jejuni are N-glycosylated (13).  Both conserved and divergent 

components of protein glycosylation mechanisms have been identified in prokaryotic and 
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eukaryotic systems.  Both systems are capable of adding glycan moieties via covalent 

attachment on nitrogen atoms found in asparagine residues (N-linked glycosylation) or on 

oxygen atoms found in serine or threonine residues (O-linked glycosylation).  These post-

translational modifications are used in different ways and to accomplish different goals in 

eukaryotic and prokaryotic biology (61). 

 

N-linked protein glycosylation.  Although N-linked glycosylation was once thought to 

solely occur in eukaryotes, identification of N-linked glycosylated proteins in prokaryotes 

and recently in archaea has demonstrated that N-linked glycosylation was common to all 

three domains of life (61).  N-linked glycosylation is ubiquitous and essential in 

eukaryotes, but non-essential in prokaryotes (184). These two domains of life share a 

common mechanism for N-linked glycan construction.  Glycan moieties are assembled in 

the cytoplasm of the cell in a stepwise fashion, and subsequently attached to a lipid 

carrier molecule.  This lipid carrier differs in structure between prokaryotes and 

eukaryotes, but the function is conserved (61).  The sugar-lipid complex, referred to as a 

lipid linked oligosaccharide (LLO), is formed in the endoplasmic reticulum (ER) in 

eukaryotic systems (32), and at the plasma membrane in prokaryotic systems (230).  Of 

note, LLOs in higher eukaryotes and protozoans are different in composition.  Protozoans 

lack glucose, a hallmark of LLOs found in higher eukaryotes (124).  The glycan 

components of prokaryotic LLOs are not well conserved among different bacterial 

species, and can exhibit high levels of structural diversity with respect to glycan 

structures that are to be added via N-linkage (61, 230).   

The LLO is subsequently flipped into place facing the ER in eukaryotic cells, or 
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facing into the periplasmic space towards the outer membrane in Gram-negative bacteria 

by a designated flippase enzyme.  To date, no Gram-positive bacteria have been 

experimentally demonstrated to utilize N-linked glycosylation (61).  Both prokaryotic 

and eukaryotic LLOs are comprised of seven repeating sugars.  The use of seven sugars is 

believed to allow the flippase to function optimally: an interesting point of conservation 

between eukaryotic and prokaryotic systems occurring just prior to transfer of the sugar 

to the acceptor protein (61, 230).   

An oligosaccharyltransferase (OST) enzyme then is responsible for transferring 

the assembled and flipped glycan moiety from the lipid carrier to its final destination on 

the protein, where it is covalently attached to a nitrogen atom within the side group of an 

asparagine residue.  Eukaryotic genomes encode many OSTs since N-linked glycosylated 

proteins are found in higher abundance in these systems.  Prokaryotic OSTs are believed 

to only be present in a small number of species that are capable of in N-linked 

glycosylation and are encoded by a single gene (61).  Protozoans and bacteria utilize 

OSTs composed of single enzymatic subunits, whereas higher eukaryotes utilize OSTs 

that are composed of multiple subunits. 

The order of protein folding differs during N-glycosylation in prokaryotic and 

eukaryotic systems.  In eukaryotes, proteins are unfolded when they accept the glycan 

moiety, and then are subsequently folded into their final functional conformations.  

Prokaryotic systems are believed to use folded proteins to accept N-linked glycosylation.  

This is due to the fact that the proteins have already been moved to the periplasmic space 

through the inner membrane, which usually requires protein folding for steric reasons.  A 

consensus sequence is utilized by both prokaryotic and eukaryotic systems as targets for 
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glycosylation (Asn-X-Ser/Thr) (61), with the prokaryotic signal having an extension 

which contains an Asp or Glu at the -2 position (Asp-Glu-X-Asn-X-Ser/Thr) (138).  

However, not every consensus sequence present on the acceptor protein is glycosylated.  

Finally, in eukaryotic systems, additional remodeling of N-linked glycans occurs in the 

Golgi (61).  Once complete, the protein can then be further modified in a tissue or cell 

specific manner before being trafficked to secretory machinery for export out of the cell 

(230). 

 

O-linked protein glycosylation. While N-linked glycosylation mechanisms share 

striking similarities between prokaryotes and eukaryotes, O-linked glycosylation 

mechanisms are less conserved and, as a consequence, less well understood.  Eukaryotes 

modify proteins with O-linked glycans through a single unified mechanism, whereas 

bacteria utilize two different mechanisms for O-linked glycosylation.   

The first of these two prokaryotic O-glycosylation mechanisms is very similar to 

the prokaryotic OST system for N-linked glycans.  In this system, an O-

oligosaccharyltransferase (O-OST, or O-OTase) is utilized in a similar fashion as the 

OST during N-linked glycosylation.  First, a pre-assembled glycan moiety is linked to a 

lipid carrier forming an LLO.  Then, a flippase is used to transfer the LLO from inside 

the bacterial cell at the membrane into the periplasmic space.  Finally, glycan moieties 

are transferred onto the destination protein via an O-OST, a specific enzyme which places 

the glycan moiety on either a serine or threonine residue in an amino acid side chain 

resulting in an O-linkage to the reactive hydroxyl group (61).  Pilins from Gram-negative 

organisms (eg. Neisseria sp. and Pseudomonas sp.) utilize this pathway for O-
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glycosylation.  Importantly, and in contrast to N-linked glycosylation, no consensus 

sequence has been deduced for O-glycosylation in both prokaryotic and eukaryotic 

systems (185). 

 The second mechanism of O-linked glycosylation is used by some prokaryotic 

organisms and all eukaryotic organisms.  Named “Processive O-glycosylation”, the sugar 

moiety is actually assembled on the acceptor protein in situ, not assembled in the 

cytoplasm, and subsequently transferred to the donor in contrast to the OST mechanism.  

Processive O-glycosylation begins with the linking of a monosaccharide to an oxygen 

atom found in the side chain of a serine or threonine residue in the acceptor protein.  

Following the initial attachment of the monosaccharide, additional sugars are linked to 

the monosaccharide until a mature glycan is formed (61).  The decorated glycoprotein is 

then trafficked out of the cell and displayed on the cell surface.   

 

O-linked glycosylation of bacterial flagellins.  In prokaryotes, O-linked glycosylation is 

used for the decoration of pili and flagella (185).  While many of the pathways involved 

the in the glycosylation of these proteins remain unknown, it is hypothesized that the first 

monosaccharide is linked to the donor protein at the cell well, and the rest of the glycan is 

assembled prior to protein export.  In the case of flagellins, glycan decorations of FliC 

subunits are often necessary for motility.  The flagellin is first synthesized de novo, and 

the appropriate O-linked glycans are attached.  Fully decorated flagellins are then 

translocated through the flagellar pore and assembled into the growing filament (61).  

Some prokaryotic S-layer proteins follow a similar mechanism.  In eukaryotic systems, 

most O-linked glycosylation takes place in the Golgi, or to a lesser extend in the ER.  
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Eukaryotic mucins and some elements of the cellular glycocalyx are formed in this 

manner. 

 A number of bacterial pathogens modify their respective flagellins through the 

addition of glycans anchored by O-linkages.  However, the complexity of the glycan 

moiety added and the number of additions is often highly variant dependent upon the 

bacterial species.  Two extremes of which include C. jejuni and Listeria monocytogenes 

(168).  C. jejuni modifies its flagellins FlaA and FlaB with as many as 19 glycans that 

can constitute approximately 10% of the molecular weight of the FlaA protein (77).  Such 

elaborate modifications require a genetic locus comprised of approximately 50 genes, 

including two flagellin genes (flaA and flaB), which exhibit significant genetic diversity 

(156).  In this background, glycosylation with derivatives of either pseudaminic or 

legionaminic aid is required for flagellar filament polymerization (168).   

By contrast, L. monocytogenes decorates its flagellin (FlaA) at six sites of 

modification (229).  In L. monocytogenes, the structure of flagellar glycan is simple, 

consisting of a single O-linked N-acetylglucosamine moiety attached by the 

glycotransferase GmaR (233).  L. monocytogenes gmaR mutants are non-motile, but still 

able to secrete the FlaA.  Loss of motility in this background is attributed to a 

transcriptional defect in flaA transcription in the gmrA mutant background (233) as 

opposed to an inability to process or secrete flagellin.  Loss of flagellar glycosylation 

does not impact biofilm formation in L. monocytogenes where a flaA transcriptional 

defect has been corrected, but loss of motility or flagellar assembly renders the bacterium 

unable to form biofilms (153).        

 



 

230 
 

Consequences of flagellin glycosylation.  As flagellin molecules can be readily detected 

by the host innate immune system, a number of flagellated pathogens have adapted 

compensatory strategies which can impact detection.  Pathogenic members of the 

Enterobacteriaceae, including S. Typhimurium and some pathotypes of E. coli, alternate 

the expression two different flagellin alleles, resulting in phase variable expression of 

flagellins (58).  Organisms which do not encode a second flagellin allele can utilize 

glycosylation as a mechanism to decorate the molecule in an attempt to disguise it from 

recognition by the host adaptive and innate immune responses.  Most glycan 

modifications map to the center of the flagellin protein, which represents the surface 

exposed region, allowing for glycan display on the surface of the flagellin monomer 

when polymerized in the context of the flagellum.   

Depending on the bacterial species, a number of functions have been ascribed to 

flagellar glycosylation, including roles in attachment to host cells, flagellar filament 

assembly and stability, mimicry of host cell surface glycans, and virulence (58, 168).  In 

C. jejuni, flagellin glycosylation is necessary for autoaggregation, and attachment to and 

invasion of human epithelial cells (97).  In Ps. aeruginosa, flagellin glycosylation is not 

required for flagellar assembly, but impacts the virulence of the organism in a burn model 

of infection (8). 

    An active area of investigation is centered upon the contribution of flagellin 

glycosylation modulating the recognition of the molecule by TLR5.  Structurally, the 

flagellin molecule can be divided into four domains (D0-D3), each of which play 

important roles in the function of the molecule (249).  D0 and D1 are helical domains 

which contain stretches of highly conserved amino acids which are recognized by TLR5 
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in the context of flagellin three dimensional structures.  These regions are found at both 

the N- and C-terminus of the flagellin primary sequence (220).  It is believed that these 

highly conserved stretches within the D0 and D1 domains, referred to as C1 and C2, 

allow proper polymerization of the filament.   

By contrast, the primary sequence of the D2 and D3 domains is highly variable 

among motile bacterial species, providing the basis for H-antigen serotyping among 

enteric species (220).  During filament polymerization, the D0 and D1 domains fold back 

on themselves adopting a hairpin-like shape which facilitates the stacking of flagellin 

monomers, hiding the C1 and C2 sequences within the inside of the filament; the D2 and 

D3 domains are then forced outward and are largely surface exposed.  Flagellin-TLR5 

interaction is centered on the recognition of amino acid residues present of the conserved 

stretches in the D0-D1 domains in the context of the flagellin monomer (249).  Recent 

evidence suggests that TLR5 interactions with two short peptides from D0 and D1 are 

involved in flagellin recognition, with the D0 domain influencing high affinity binding of 

flagellin monomers and TLR5 signaling, while the D1 domain influences only TLR5 

signaling (220, 293). 

 Most glycan attachment sites on bacterial flagellins map to the surface exposed 

regions in the D2 and D3 domains, away from the residues responsible for TLR5 

interaction (168).  However, glycan attachment has been reported to both hinder and 

enhance flagellin-TLR5 signaling depending upon the organism. Using purified 

glycosylated and non-glycosylated flagellins from Burkholdaria cenocepacia, 

Hanuszkiewicz et. al. reported the presence of flagellin glycans impaired the TLR5-

mediated inflammatory response (103).  Conversely,  glycosylation does not impact 
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detection of C. jejuni flagellin by TLR5 (59), and a pro-inflammatory role for flagellar 

glycans has been reported in Ps. aeruginosa glycans via TLR5 signaling (279).   

By extension, although plants lack a functional TLR system, they are capable of 

responding to flagellin from phytopathogenic bacteria through recognition of a conserved 

peptide on the molecule designated flg22 (220).  Recognition results in the induction of 

antibacterial defenses including the production of reactive oxygen species.  The 

phytopathogen Acidovorax avenae O-glycosylates its flagellin at four residues, two of 

which appear to protect the flg22 epitope from being detected in rice cultured cells (106).  

Therefore, flagellin glycosylation may represent an ancient adaptation facilitating host 

colonization, impacting the detection of the flagellin molecule across taxonomical 

kingdoms.  

 

C. difficile flagellar glycosylation.  In comparison to Gram-negative species, 

significantly less is known regarding flagellin glycosylation mechanisms of Gram-

positive organisms.  Among the Gram-positive systems investigated, members of the 

clostridia utilize some of the most extensively studied O-linked glycosylation systems.  

This may be due to a significant number of O-glycosylated proteins identified in 

clostridial S-layers. C. botulinum flagellins are modified with either a derivative of 

legionaminic acid (αLeg5GluMe7Ac) or di-N-acetylhexuronic acid, and flagellins from 

both Clostridium tyrobutyricum and Clostridium acetobutylicum are also glycosylated 

with uncharacterized glycan moieties (125). 

 The first evidence that the C. difficile flagellin was post-translationally modified 

was from Delmeé et. al. who demonstrated by immunoblotting with antiserum derived 
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from purified flagellar filaments that the FliC protein exhibited variations in molecular 

mass among different serogroups of C. difficile clinical isolates (62).  It was determined 

that this was not due to variation in the size of the fliC gene among the different 

serogroups (261), but the actual reason for the mass differences observed among FliC 

proteins was not elucidated for another nine years. 

 Three years after the availability of the first sequenced C. difficile genome, the 

first characterization of the genes encoded in the F2 region of the flagellar locus was 

reported in 2009 (272).  This seminal work described the differential carriage of genes 

within this locus which was predicted to post-translationally glycosylate the C. difficile 

flagellin.  The F2 region is composed of genes encoding proteins involved in the 

assembly of flagellar glycans (glycotransferases), and genes for proteins that synthesize 

the glycans to be added de novo.   Inactivation of the gt1 gene in the laboratory strain 

630Δerm (flagellar locus architecture type B) resulted in a loss of motility and an 

inability to assemble flagellar filaments.  Finally, attached glycans were determined to be 

O-linked by Electron Transfer Dissociation (ETD) mass spectrometry, and loss of glycan 

attachment resulted in a mass shift of the FliC protein when separated by PAGE (272).   

Following this investigation, the structures of the flagellar glycans of both strains 

630Δerm and R20291 (flagellar locus architecture type A) were reported (107).  

Importantly, this study and the study by Twine et al. (272) were the first to highlight both 

the differential glycan structure and glycan attachment sites observed on flagellins from 

both flagellar locus architectures.  Studies querying the biological consequences of C. 

difficile flagellin glycosylation were reported in 2014, again using strain 630Δerm.  The 

authors demonstrated roles for both glycotransferase genes and genes putatively involved 
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in glycan synthesis in C. difficile motility, agglutination, and colonization (83). 
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RATIONALE AND SIGNIFICANCE 

 

 While glycosylation of C. difficile flagella has been previously reported to impact 

both the virulence and biophysical properties, these studies have been restricted primarily 

to the laboratory adapted strain 630Δerm.  Beyond preliminary glycan characterization, 

no work has been reported investigating the biological significance of flagellar 

glycosylation derived from a strain harboring type A flagellar locus architecture.  

Comparative genomic analysis has demonstrated that the key difference between type A 

and type B flagellar locus architectures is found in the F2 region, the very region of the 

locus responsible for flagellin glycosylation.  Additionally, these strains, including those 

belonging to the OA-CD 027/NAP1 lineage, are highly virulent and involved significant 

outbreaks worldwide making data derived from these studies important from a clinical 

perspective. 
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METHODS 

 

Electron-transfer dissociation (ETD) analysis of C. difficile flagellar glycans.  C. 

difficile BI-1 was harvested from five BHI plates grown overnight at 37°C and 

resuspended in molecular grade water (Sigma).  The bacterial suspension was normalized 

to OD600 of 1.5 and 500µL samples were vigorously vortexed for 5 minutes to shear 

flagella from the vegetative cell surface.  Samples were then centrifuged at 15,000 rpm 

for 10 minutes at 4°C to pellet the vegetative cells, and the supernatant was transferred to 

a fresh tube.  Supernatants were dried down in a using a heated vacuum centrifuge to a 

volume of 50µL.  Flagellar preparations were then processed and analyzed by ETD by 

the University of Arizona Proteomics Consortium using experimental parameters as 

previously reported (216, 272). 

 

Quantitative analysis of C. difficile motility.  Quantitative assessment of C. difficile 

motility was performed as previously described (12).  Briefly, overnight cultures of C. 

difficile grown in BHIS were diluted 1:50 in fresh BHI and grown to mid-exponential 

growth phase (OD600nm=0.6) at 37°C in anaerobic conditions.  5µL of culture was then 

stab inoculated into the center of one well of a 6-well tissue culture plate filled with 

20mL of C. difficile motility agar (BHI+0.3% agar).  Culture plates were wrapped in 

plastic wrap, placed into a Tupperware® container with damp paper towels to prevent 

evaporation, and grown anaerobically for 72 hours at 37°C.  Following incubation, the 

diameter of the swim radius was measured and averaged.  Results represent the average 

of three independent experiments. 
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Ruthenium Red staining.  Ruthenium red staining was performed as reported by Chu et 

al. (45).  Briefly, C. difficile strain K14 was grown overnight on BHI plates, processed 

for SEM and stained with ruthenium red.  An agar plug containing a single colony was 

pre-fixed in 0.1M sodium cacodylate buffer containing 0.1% ruthenium red and 3% 

glutaraldehyde, and 10mM L-lysine for 20 minutes at 4°C.  The sodium cacodylate buffer 

was removed, and the agar plug was washed with 0.1M sodium cacodylate buffer with 

0.1% ruthenium red.  A secondary fixation was performed using 0.1M sodium cacodylate 

buffer containing 0.1% ruthenium red with no L-lysine for three hours at room 

temperature.  Agar plugs were then washed and post-fixed in 0.1M cacodylate buffer 

containing 0.1% ruthenium red and 1% osmium tetroxide for one hour at room 

temperature.  Following post-fixation, agar plugs were dehydrated and processed for 

visualization by high resolution SEM as previously described. 

 

Fractionation of C. difficile vegetative cells for FliC analysis.  C. difficile cultures of 

both wild type BI-1, and isogenic fliC and flagellar glycosylation mutants were grown 

anaerobically overnight in BHIS at 37°C.  Cultures were then subcultured 1:50 in 50mL 

of pre-reduced BHI, and grown for 10 hours to an approximate OD600 of 1-1.2.  The 

cultures were clarified by centrifugation for 10 minutes at 4,000 rpm, and the supernatant 

was carefully removed from the cell pellet.  Culture supernatants were filter sterilized and 

concentrated to a final volume of 1mL on a 3kDa molecular weight cut-off column, and 

10µL of HALT protease inhibitor (ThermoFisher) was added.  Proteins were quantitated 

by BCA assay (Pierce) and stored at -80°C prior to electrophoresis.   
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Cell pellets were resuspended in 200µL of 0.1M Triethylammonium bicarbonate 

(TEAB) and sonicated for six pulses, 30 seconds per pulse.  Insoluble proteins and cell 

debris were separated by centrifugation for 10 minutes, 14,000 rpm at 4°C.  5µL of 

HALT protease inhibitor was added to the clarified supernatants containing cytosolic 

proteins, and the total protein concentration was determined by BCA assay.  Samples 

were stored at -80°C prior to electrophoresis. 

 A total of 50µg of total protein derived from both supernatant and cell pellet was 

separated by PAGE using 4-20% TGX gradient gels (Biorad).  Samples were transferred 

to nitrocellulose membranes and probed with a 1:17,500 dilution of anti-FliC antibody 

raised against FliC isolated from C. difficile BI-1, and 1:10,000 dilution of goat anti-

rabbit IgG Horseradish peroxidase-conjugated secondary antibody (Sigma).  Western 

blots were processed and developed as previously described. 
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RESULTS AND DISCUSSION 

 

C. difficile harbors two distinct F2 flagellar regions for flagellin glycosylation.  When 

classifying C. difficile flagellar locus architectures, the genetic composition of the F2 

region is a key difference between the different locus types (Figure 2.1A).  Despite high 

levels of synteny among F1 and F3 regions of motile C. difficile strains, the F2 region 

shares no common genes among strains harboring type A and type B flagellar loci 

(Figure 4.1).  Interestingly, non-motile strains harboring the type C flagellar locus 

(including strains CDC1 and M120), also have maintained an intact F2 region which is 

similar to the F2 region of type A strains.  Retention of this region is suggestive of 

evolutionary pressure to maintain the locus, even in non-motile backgrounds.  

Modification of the C. difficile flagellin is functionally important during flagellar 

assembly (Figures 4.4B, 4.5A, B), and could impact either protein folding, interactions 

with chaperones and binding partners, or function to stabilize the molecule during this 

process. 

 The type B F2 region contains four genes; all are hypothesized to be involved in 

the de novo synthesis of the glycan to be attached to FliC.  Synthesized glycans are 

attached to FliC solely through the activity of the GT1 glycotransferase encoded in the F1 

region for type B strains.  By contrast, the type A F2 region contains two additional 

glycotransferase genes: gt2 and gt3 (Figure 4.1).  The GT2 and GT3 proteins function to 

attach glycan moieties to the FliC molecule as part of a novel processive assembly 

mechanism (Figure 4.8).  The remaining five genes in this region are thought to be 

involved in de novo glycan synthesis on the basis of sequence homology, although no 
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experimental evidence exits to validate this hypothesis.   

 Located immediately upstream of the F2 region is the FliC gene, as well as a 

glycotransferase (GT1) which is the terminal gene of the F1 region.  It is not uncommon 

for flagellar glycosylation genes to be located in close proximity to flagellar loci as 

observed in other bacterial systems (168).  While no data are available regarding the 

molecules governing transcription of the F2 flagellar region, it is reasonable to assume 

this region is under the control of SigD, SigA, or both molecules due to the immediate 

proximity to the F1 region.  Indeed, operon prediction in silico suggests a differential 

transcriptional program whereby the F2 region transcription is linked to that of the F1 

region beginning from the flgM gene (Figures 2.2, 4.1) in type A flagellar loci, whereas 

transcription of the F2 region is initiated independently from transcription of the F1 

region in type B flagellar loci.  Importantly, and irrespective of the flagellar type, 

transcription of the gt1 is always coupled to fliC transcription. 
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Figure 4.1.  C. difficile harbors two distinct flagellar glycosylation loci which 
comprise the F2 flagellar region.  Two distinct architectures of the F2 region of the 
C. difficile flagellar locus have been identified.  Carriage of these regions is dependent 
upon the C. difficile flagellar locus architecture type.  F2 regions are depicted in the 
context of the strain’s flagellar locus architecture type.   
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Carriage of variant F2 flagellar regions results in differential glycosylation of FliC.  

Gene products that are predicted to glycosylate FliC in C. difficile are in unique F2 

regions of their respective flagellar loci, with the exception of gt1 commonly encoded in 

the F1 region.  We therefore hypothesized that the mechanism of post-translational 

modification of FliC varied between strains harboring variant F2 regions.  ETD mass 

spectrometry is the current method of choice for analyzing both O-linked glycan structure 

and glycan attachment sites on proteins, as the method does not require hydrolysis or 

fragmentation of the glycan side chain allowing for the best possible resolution of the 

modification site (296).  When C. difficile FliC proteins from strains BI-1 (Type A) and 

630Δerm (Type B) were subjected to ETD mass spectrometry, it was determined that 

both the nature and site of the glycan attachments were different (Figure 2.1. 2.2, (107, 

272)). The glycan moiety detected in 630Δerm is significantly less complex in structure 

than the glycans detected in the BI-1 ETD analysis.  The moiety consists of a single 

phosphorylated N-acetylhexoseamine (HexNAc) linked to a methylated threonine reside 

(Figure 4.2A).  This moiety was detected uniformly at five defined sites on the molecule 

(T141, T174, T183, S188, and S205) (272), and always O-linked to a serine or threonine 

residue (Figure 4.2B).  In contrast, three different glycan moieties were detected when 

analyzing the BI-1 FliC protein.  Each of the detected moieties is structurally similar. 

However it is currently unknown if the most complex glycoform is first synthesized, and 

then decorates FliC, or if assembly intermediates are also capable of being added. The 

ability of a gt3 mutant to still exhibit motility (Figure 4.3B) suggests that FliC may not 

need to be fully modified prior to export through the flagellar pore for filament assembly.   

All attached glycans in the BI-1 background are anchored to a HexNAc moiety, 
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suggesting a similar mechanism of assembly as in the 630Δerm strain.  Indeed, this 

attachment is mediated by the GT1 glycotransferase (Figure 4.7A) which is conserved 

among both strains.  BI-1 glycans are significantly more complex than those identified in 

630Δerm, which is consistent with the extended genomic complexity of the Type A F2 

flagellar region.  In the type A flagellar glycan, a methylated deoxyhexose is then linked 

to the primary HexNAc, followed by a second deoxyhexose which exhibits a variant 

methylation status.  In the fully modified type A glycoform, a final heptose and additional 

HexNAc residue are added.  These modifications were detected at three defined sites of 

the FliC molecule (T141, S174, and S205), in contrast to the five sites of modification 

observed in the 630Δerm background (Figure 4.2B).  However, some of these 

modification sites are common to both strains, which suggest the existence of a signal 

sequence or other molecular mechanism which guides O-linked glycosylation of the C. 

difficile FliC protein. 

To gain an appreciation for the distribution of these different F2 regions (and by 

extension different C. difficile flagellar locus architectures), we queried a collection of 

clinical isolates which had recently undergone whole genome sequencing (Figure 4.2C).  

The results were striking in that the association of a particular flagellar F2 locus with a 

particular strain was RT-specific.  There was no evidence to suggest that two different F2 

regions or flagellar locus architectures could be found among members of the same RT.  

These data suggest that the flagellar locus is strongly rooted in the evolutionary history of 

each lineage of C. difficile, and that flagellar locus types has been established for long 

periods of evolutionary time. 
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A 

B C 

Figure 4.2.  Carriage of unique F2 genes results in differential glycosylation of 
FliC.  A)  Results of structural analysis of C. difficile flagellar glycans.  B)  Position 
of modifications detected on flagellin molecules from BI-1 (Type A, RT 027) and 
630Δerm (Type B, RT 012).  C)  Distribution of variant F2 regions among divergent 
C. difficile RTs. 
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Mutagenesis of gt1, gt2, and gt3 flagellar glycotransferase genes differentially 

impacts motility and flagellar assembly.  To interrogate the role of C. difficile flagellar 

glycotransferases (GTs) in motility and flagellar assembly in the BI-1 strain background, 

isogenic mutants were created in each of the three glycotransferase genes encoded in the 

F2 region (Figure 4.3A).  The ClosTron system was used as previously described to 

construct gene-specific interruptions in the gt1, gt2, and gt3 glycotransferases.  

Lincomycin-resistant integrant clones were screened by PCR using primers which 

amplify over the intron-exon junction to confirm target gene-specific inactivation (Figure 

4.3A). BI-1 GT mutants were tested in soft agar motility assays to determine if a 

requirement existed for flagellar glycosylation in C. difficile motility.  The GT1 and GT2 

proteins were absolutely required for C. difficile BI-1 motility, whereas the GT3 

glycotransferase was dispensable (Figure 4.3B).  Plasmid complementation bearing the 

gt1 or gt2 genes rescued the motility phenotype in these respective mutants.  

Interestingly, plasmid complementation of the gt3 mutant resulted in reduced motility and 

poor overall C. difficile growth, while complementation of the other glycotransferase 

genes did not (Figure 4.3C, E).  The gt3 gene was also heterologously expressed in E. 

coli, where it was found to cause similar effects on bacterial growth when compared to a 

vector control (data not shown).  It is therefore possible that overexpression of GT3 

exerts a toxic effect on the bacterial cell, and that its expression must be tightly controlled 

by the organism. 

 To determine if flagellar assembly was occurring in these C. difficile flagellar 

glycosylation mutants, the vegetative cell surface was probed through high resolution 

SEM (Figure 4.3D).  Wild type BI-1 vegetative cells robustly assembled flagellar 
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filaments which were readily visible.  Flagellar filaments were not observed when 

analyzing both the gt1 and gt2 flagellar mutants, and flagellin was undetectable in culture 

supernatants (Figure 4.3D).  Consistent with the motility analysis, the gt3 mutant 

assembled robust flagellar filaments reminiscent of those observed in the wild type strain.  

To determine if flagella contained glycoproteins, C. difficile vegetative cells were stained 

with Ruthenium Red which selectively binds glycoproteins.  Robustly stained flagellar 

fibers were visualized, confirming C. difficile flagella were glycosylated.   
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  A 

B C 

D E 

Figure 4.3.  Construction of flagellin glycotransferase mutants in C. difficile BI-1.  
A)  Strategy for ClosTron-mediated C. difficile flagellin glycotransferase gene 
interruption.  Confirmation of flagellin glycotransferase gene-specific mutagenesis by 
PCR over the intron/exon junction.  B)  Motility testing of resultant glycotransferase 
mutants demonstrates a requirement for both gt1 and gt2 for motility.  C) Plasmid 
complementation of the gt1 and gt2 mutants restores motility.     D) Binding of 
ruthenium red demonstrates flagellar filaments are composed of glycoproteins.  Loss 
of either GT1 or GT2 expression results in a failure to assemble flagellar filaments.   
E)  Flagellin glycotransferase mutagenesis or complementation does not impact C. 
difficile growth with the notable exception of gt3. 
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Flagellin is sequestered within the vegetative cell of gt1 and gt2 mutants.  Since gt1 

and gt2 mutants are unable to assemble functional flagellar filaments, it was reasonable to 

assume that they could be defective for FliC export as the fliC allele was still intact.  To 

investigate this, C. difficile wild type, fliC, and flagellar glycosylation mutant cultures 

were fractionated and immunoblotted using FliC-specific antiserum to determine where 

the FliC was localized.  Immunoblotting of normalized amounts of culture supernatant 

(Figure 4.4A) revealed that the non-motile gt1 and gt2 flagellin glycosylation mutants 

were indeed unable to export FliC, while the BI-1 and gt3 mutants had significant 

amounts of FliC protein present in the supernatant indicative of normal protein export 

and flagellar assembly.  It is important to note that the mass of the FliC band present in 

the gt3 mutant is slightly smaller than that of the BI-1, signifying aberrant glycosylation 

of this FliC glycoform. 

 To investigate FliC levels inside the C. difficile vegetative cell, cell pellets were 

sonicated to release total cytosolic proteins, and then normalized and immunoblotted 

against FliC (Figure 4.4B, upper panel).  The wild type BI-1 and gt3 mutant strains 

generated a large amount of immune-reactive material when blotting, indicative of active 

flagellin biosynthesis (175).  In contrast, cell pellets of the gt1 and gt2 flagellar 

glycotransferase mutants contained a single FliC species inside the cell indicative of a 

failure to export FliC due to incomplete glycosylation.  It is again important to note the 

differential molecular mass of the observed FliC bands between the gt1- and gt2- mutants 

in these immunoblots, since this banding pattern is indicative of aberrant FliC post-

translational modification.  Plasmid complementation of both the gt1 and gt2 mutant 

restored intracellular the flagellin expression pattern to the robust levels observed in 
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motile strains (Figure 4.4B, lower panel). 
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A B 

Figure 4.4.  Loss of GT1 or GT2 expression causes FliC to be sequestered inside 
the vegetative cell.  A)  C. difficile BI-1 gt1 and gt2 mutants fail to export flagellin to 
the cell surface.  B)  Mass shifts of detected cytosolic FliC in BI-1 gt1 and gt2 mutants 
is suggestive of aberrant glycosylation.  Plasmid complementation of these strains 
results in a restoration of the appropriate glycan size and amount of FliC. 
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C. difficile BI-1 FliC modification proceeds through a processive mechanism.  

Mutagenesis of C. difficile flagellar glycotransferases results in significant mass shifts 

when analyzing the molecular weight of the FliC protein by PAGE.  This mass shift 

represents the attachment of intermediate or incomplete FliC glycans caused by an arrest 

of the assembly system due to loss of glycotransferase expression.  By analyzing both the 

structure of the detected glycoforms from ETD experiments (Figure 4.2A), as well as the 

representative glycoforms of FliC generated by mutagenesis of different flagellar 

glycotransferases (Figure 4.5), it is possible to envisage a putative assembly mechanism 

for C. difficile BI-1 flagellar glycans (Figures 4.5, 4.6). Loss of GT1 expression 

results in the most severe mass shift of the FliC protein, likely caused by the loss the 

attachment of the initial HexNAc (N-acetylhexosamine) sugar moiety which serves as a 

scaffold for the addition of additional sugars.  This important function of GT1 has been 

confirmed in strain 630Δerm, and may be why transcription of this gene is linked to that 

of FliC in all C. difficile strains analyzed to date.  In a gt2 mutant, a functional GT1 

enzyme is made, and attaches HexNAc to the FliC molecule.  However, without GT2, 

glycan assembly cannot proceed, and the molecule is blockaded inside the vegetative cell.  

This step in the glycan assembly process also represents an important point of departure 

from the FliC glycan assembly mechanism in 630Δerm since only a HexNAc and peptide 

addition is necessary for assembly in that background, while BI-1 requires the attachment 

of an additional sugar moiety. 

 The exact nature and number of the glycans added by the GT2 glycotransferase 

may be inconsistent, as both the number and methylation status of the deoxyhexose 

moieties is known to be variable (Figure 4.5).  At this point in the process, it also appears 
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that FliC secretion and flagellar assembly can occur, since the modification catalyzed by 

GT3 is non-essential for motility (Figure 4.3B).  Irrespective of the nature of moiety 

added by the GT2 glycotransferase, deoxyheptose addition is required for the GT3 

glycotransferase to add the final sugar moieties, a heptose linked to an additional 

HexNAc.  Prior to or following this modification, FliC can then be secreted through the 

flagellar pore and assembled into the elongating flagellar filament. 
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Figure 4.5.  Alterations in the molecular weight of FliC isolated from BI-1 
flagellar glycosylation mutants indicates a processive mechanism of flagellin 
modification.  Putative contributions of each BI-1 flagellar glycosylase toward 
modification of the FliC protein is presented above, and observed mass shifts upon 
western blotting  are exhibited below. 
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Figure 4.6.  A model for the processive glycosylation of the BI-1 flagellin.  FliC 

monomers are synthesized and then glycosylated through the activity of three GT 

enzymes.  GT1 adds the first sugar moiety, followed by additions by GT2 and GT3.  

Following glycan attachment, the FliC protein is exported from the C. difficile 

vegetative cell and assembled into the flagellar filament. 
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Loss of FliC glycosylation impacts C. difficile attachment, aggregation, and biofilm 

formation.  Previous sections in this work have demonstrated that the C. difficile 

flagellum is involved in critical processes mediating interactions with the host.  To 

examine the contribution that a loss of glycosylation might have on the flagellar-mediated 

interaction with the host, the attachment and aggregation rates of flagellin glycosylation 

mutant strains were interrogated.  gt1 and gt2 mutants, which do not assemble flagella 

due to flagellin sequestration, exhibited significantly elevated levels of attachment to 

C2BBE cells that either the motile BI-1 wild type or the gt3 mutant (Figure 4.7A), a 

phenotype reminiscent of the BI-1 fliC mutant.  Similarly, these non-motile strains 

exhibited significantly higher levels of aggregation when compared to the motile strains 

BI-1 and the gt3 mutant (Figure 4.7B).  Plasmid complementation of both gt1 and gt2 

restored both the attachment (Figure 4.7C) and the agglutination (Figure 4.7D) 

phenotypes to levels comparable to wild type.  No change in biofilm formation was 

observed in glycotransferase mutant strains (Figure 4.8A).  The observed change in the 

gt3 plasmid complemented strain is attributed to cellular toxicity associated with G3 

overexpression (Figure 4.8B).   These data suggest that the observed changes in 

attachment, aggregation, and biofilm formation are attributable to a loss of flagellar 

assembly as a consequence of a disruption in the FliC glycan assembly pathway. 

 

  



 

256 
 

  

Figure 4.7.  Flagellin glycosylation impacts C. difficile attachment and 
agglutination.  A)  Loss of GT1 or GT2 expression results in an increased levels of 
bacterial attachment to C2BBE comparable to that of a fliC mutant.  B)  Loss of GT1 or 
GT2 expression also results in higher levels of bacterial agglutination.  C,D) Plasmid 
complementation restores both the attachment and agglutination phenotypes to levels 
comparable to wild type. 

A B 

C D 
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Figure 4.8.  Loss of flagellin glycotransferase function does not impact C. difficile 
biofilm formation.  A) BI-1 flagellar glycotransferase mutants form biofilms with 
comparable efficiency to those formed by the wild type.  B)  Biofilm phenotypes of 
plasmid complemented glycosylation mutants.   The defect observed in the gt3 
complemented strain is attributable to toxicity encountered when GT3 is expressed 
from a multi-copy plasmid. 

A 

B 
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Sequestration of FliC in glycotransferase mutants impacts toxin synthesis.  BI-1 

flagellin glycotransferase mutants sequester FliC intracellularly which could impact 

levels of secreted C. difficile toxin associated with these strains. Previous experiments 

dedicated toward investigating the relationship between FliC status and toxin secretion 

levels have demonstrated when FliC expression is lost, the compensatory response by the 

vegetative cell is to upregulate toxin synthesis (Chapter 2 of this work).  Similarly, loss of 

expression of structural proteins of the F3 region results in a significant decrease in toxin 

gene transcription (10), presumably due to blockade of FliC inside the cell or alteration in 

SigD expression levels.  BI-1 flagellar glycotransferase mutants are important stains that 

can be used to test the validity of this model as they differentially regulate FliC export, 

with gt1 and gt2 mutants retaining FliC inside the vegetative cell, while gt3 mutants are 

able to export FliC with similar kinetics and efficiency as the wild type BI-1 strain 

(Figure 4.4A, 4.4B). 

 Loss of flagellar assembly due to an inability to secrete FliC and assemble 

flagellar filaments as seen in the gt1 and gt2 mutants results in a significant decrease in 

the level of secreted toxin as determined by both ELISA and immunoblotting (Figure 

4.9A).  Importantly, the gt3 mutant that is motile and able to secrete FliC, expressed both 

TcdA and TcdB at levels similar to wild type.  Plasmid complementation of gt1 and gt2 

restored secreted toxin levels comparable to those observed in the wild type background 

by ELSA (Figure 4.9B). 
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A B 

Figure 4.9.  Loss of flagellin glycosylation impacts levels of TcdA and TcdB in 
culture supernatants.  A)  Mutagenesis of gt1 or gt2 results in significantly less toxin 
accumulating the culture supernatant.  B) Plasmid complementation of gt1 and gt2 
restores the toxin phenotype to levels comparable to wild type. 
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The impact of intracellular flagellin on C. difficile toxin secretion.  Using the isogenic 

C. difficile flagellar mutants which were generated during the course of this work, it is 

now possible to summarize the effects the intracellular pool of FliC has on toxin 

synthesis (Figure 4.10).  In the wild type strain BI-1, FliC is exported and assembled 

normally, resulting in a motile phenotype which secretes robust levels of toxin.  By 

contrast, in the fliC mutant, the fliC gene has been interrupted, resulting in a complete 

ablation of both intracellular flagellin and flagellar biogenesis.  The compensatory 

response by the C. difficile vegetative cell to this situation is to increase toxin synthesis, 

likely through an upregulation of SigD. 

 The gt1 mutant exhibits a situation whereby FliC synthesis is able to continue, but 

the unmodified FliC is not able to be secreted into the flagellar apparatus due to a lack of 

glycosylation.  This causes buildup of aberrantly modified intracellular FliC molecules, 

causing the vegetative cell to downregulate toxin production.  Similar results are obtained 

when a flagellar structural gene of the F3 region is interrupted (i.e. motB).  Importantly, a 

C. difficile motB mutant still maintains the ability to glycosylate FliC (Figure 4.10).  

Therefore, the impact observed on toxin secretion in the gt1- and gt2 mutant strains is due 

to FliC blockade rather than the glycosylation system directly impacting toxin synthesis.  

Finally, a sigD mutant does not produce detectable levels of toxin (Figure 2.19C), but 

also does not produce intracellular FliC (Figure 2.19E) similar to a fliC mutant.  

Therefore, the toxin phenotype associated with the C. difficile flagellar system is SigD-

dependent in motile strains. 
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Figure 4.10.  Intracellular concentrations of FliC dynamically impact toxin 
secretion.  Selected C. difficile BI-1 flagellar mutants were compared to wild type 
with respect to their ability to produce toxin and intracellular FliC status.  A clear 
correlation can be observed between low intracellular FliC levels and elevated toxin 
production, and high intracellular FliC levels and low toxin levels.  Flagellin 
glycosylation is decoupled from impacting toxin gene synthesis through the analysis of 
a motB mutant. 
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Loss of FliC glycosylation causes unique proteomic alterations when compared to a 

fliC mutant.  C. difficile flagellar glycotransferase mutants and flagellin mutants 

experience opposite impacts with respect to levels of intracellular FliC.  In the fliC 

mutant, FliC protein expression is completely ablated, resulting in no intracellular FliC.  

By contrast, gt1- and gt2 mutants store maximal amounts of FliC intracellularly due to a 

defect in flagellin export.  Both situations have extreme consequences for C. difficile 

virulence and cell physiology, resulting in dramatic changes across the proteomes of 

these strains (Figure 4.11). Flagellar proteins are uniformly downregulated in both fliC 

and glycotransferase mutant backgrounds (indicated with an asterisk), which is likely the 

vegetative cell’s physiological response to flagellar dysregulation due to the high 

energetic cost of flagellar biosynthesis.  However, dysregulated proteins involved in other 

functional sub-categories are also identified in these backgrounds, many of which are 

unique to either the fliC mutant, or the glycotransferase mutant.  It is clear that despite 

their close genomic proximity, loss of these genes has important yet contrasting impacts 

on the cell. 
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Figure 4.11.  Loss of flagellin glycosylation causes broad pleotropic changes in the 

C. difficile proteome.  Comparative analysis of fully quantitative proteomic profiles 

of BI-1 fliC, gt1, gt2, and gt3 mutants compared to the wild type strain.  A net 

downregulation of flagellar genes is observed in all mutant backgrounds (asterisks).  

fliC and flagellin glycosylation mutants exhibit differential proteomic alterations likely 

as a response to either loss of FliC expression, or intracellular FliC sequestration. 
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C. difficile flagellin glycosylation dampens signaling elicited by TLR5-FliC 

interaction.  C. difficile flagellin has been previously demonstrated to both interact with, 

and signal through, TLR5 on the epithelial cell surface ((25, 294), this work).  However, 

a functional role for C. difficile flagellar glycans beyond flagellar assembly has yet to be 

established.  To address this, FliC from strain BI-1 and cognate gt1-, gt2-, and gt3 

mutants was collected, normalized, and tested to examine the signaling consequences 

imparted by the loss or attachment of variant flagellin glycans.  FliC isolated from 

flagellar glycotransferase mutant strains stimulated the release of significantly more IL-8 

than FliC derived from the wild type BI-1 strain (Figure 4.12A).   

A decreasing IL-8 secretion trend was observed as the complexity of the 

assembled glycan increased, indicating that a more complex flagellar glycan resulted in 

dampened IL-8 response.  A significant difference in IL-8 output was observed however 

between the wild type strain which expresses fully modified FliC molecules, and the 

cognate gt3 mutant.  This may mean that despite being inessential for motility, the GT3 

glycotransferase, and the glycan moiety it attaches, likely has an important role in 

flagellin-TLR5 interaction.  These experiments also serve to demonstrate the dual 

functionality of these glycan moieties, having critical roles in both flagellar export (and 

by extension virulence), and now in modulating host cell responses to FliC exposure. 

 Using these data, a model can be envisaged whereby flagellar glycan attachment 

impacts TLR5 signaling during the course of C. difficile colonization or infection (Figure 

4.12B).  While the exact structural nature of the interaction is unknown, it is tempting to 

speculate that glycan attachment may sterically hinder interaction of the FliC D0-D1 

domains with TLR5.  Glycosylation could also prevent exposure of the D0-D1 domains 
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upon de-polymerization of flagellin monomers, preventing recognition of the flagellin 

protein due to binding site sequestration.  In either case, such binding impediment would 

function to downregulate the TLR5-induced signaling cascade, leading to dampened IL-8 

output.  In order to further elucidate the modulatory effects of these glycans on host cell 

signaling, additional experiments are warranted centering on both TLR5-FliC interaction, 

and the signaling events inside the host epithelial cell upon exposure to both glycosylated 

and non-glycosylated C. difficile FliC. 
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Figure 4.12.  Loss of flagellin glycosylation impacts host cell signaling through 
TLR5 interaction.  A) C. difficile BI-1 flagellar glycosylation mutants induce a more 
robust IL-8 response in culture epithelial cells than the wild type strain.  B) Model for 
how flagellar glycans may dampen host cell signaling via hindrance of TLR5 
engagement. 

A B 
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The C. difficile FliC primary sequence is evolutionarily conserved.  The process is 

also dependent upon the availability of a serine or threonine residue in the primary 

flagellin sequence so a glycan can be O-linked.  Since the two types of C. difficile 

glycosylation machinery vary in the number and type of glycans they anchor to the 

flagellin primary sequence (Figure 4.2B), the flagellin protein must both serve as an 

appropriate scaffold for modification, as well as encode the proper elements to direct the 

glycan attachment. No consensus sequence has yet been identified to modulate O-linked 

glycan attachment; therefore, we sought to query the role of the FliC primary sequence in 

C. difficile flagellar glycosylation. 

 From a large collection of fully sequenced clinical isolates, the fliC sequence was 

chosen at random from 20 different strains and analyzed as a translated sequence.  When 

the similarity of these FliC sequences was determined in silico, two distinct clades could 

be established. When further analyzing flagellar locus and architecture type associated 

with these sequences, an identical clade distribution was established (Figure 4.13).  It 

was therefore clear that the primary sequence of FliC and the carriage of specific F2 

region were intimately linked. 
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Figure 4.13.  The C. difficile fliC sequence is intimately linked to the native 
glycosylation machinery.  Data is representative of 50 fliC sequences selected at 
random and grouped based upon FliC homology on the protein level.  The resulting 
two distinct clades correlated with the carriage of a matching F2 flagellar locus region 
in all cases. 
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Swapping fliC alleles among different flagellar locus types impacts strain biology.  In 

order to investigate how the sequence specificity among FliC proteins from divergent 

flagellar locus architecture types would impact motility, flagellar assembly, and toxin 

production in their non-cognate backgrounds, gene swapping experiments were 

undertaken using the fliC genes from both strain 630Δerm (type B), and BI-1 (type A).  

In the 630Δerm background, complementation of a fliC mutant with both the cognate and 

the non-cognate BI-1 fliC gene resulted in the rescue of the motile phenotype, as well as a 

restored ability to assemble flagellar filaments (Figure 4.14).  In contrast, 

complementation of the BI-1 fliC mutant with its cognate fliC gene restored both the 

motility and the flagellar assembly phenotype, while complementation with the non-

cognate 630Δerm fliC allele did not.  These data suggest that sequence of the BI-1 fliC 

gene is similar enough to that of the fliC gene of strain 630Δerm (87.5% identical, 93.1% 

similar, Figure 2.2C) that the strain can utilize the BI-1 FliC protein in a manner 

consistent with the cognate flagellin.  Conversely, the BI-1 background demands more 

stringency and cannot utilize the 630Δerm FliC protein for complementation of a fliC 

mutant phenotype. 

 These observations could be due to incompatibility between the 630Δerm 

flagellin and the BI-1 glycosylation machinery.  C. difficile strain BI-1 modifies its 

flagellin at 3 sites on the primary sequence (T
141

, S
174

, and S
205

, Figure 4.2B).  Of these 

sites, S
205

 is found on both FliC molecules.  Intriguingly, in the 630Δerm flagellin, T
141

 

has been converted to a serine reside, and S
174

 has been converted to a threonine residue.  

While these changes do not result in the loss of a free hydroxyl group for glycan 

attachment, the specific amino acid composition at these sites may be important for O-
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glycosylation in the BI-1 strain background when compared to 630Δerm. 

 Loss of glycan attachment results in the accumulation of intracellular pools of 

FliC (Figure 4.4B) due to an inability to export the molecule outside the cell.  The 

compensatory cellular response by the organism is a down-regulation of toxin secretion.  

In contrast, loss of fliC results in an upregulation of toxin gene expression (66).  In order 

to investigate if a non-cognate FliC molecule impacted toxin production, C. difficile 72 

hour culture supernatants were analyzed to determine relative levels of secreted toxin in 

these cross-complemented strains (Figure 4.15).   

In the 630Δerm background, the non-cognate BI-1 fliC gene was able to restore 

toxin expression to levels comparable to that of the wild type strain.  Interestingly, the 

cognate fliC gene was unable to restore the toxin phenotype in this background.  Other 

reports have demonstrated complementation with the fliC gene results in a restoration of 

motility in the 630Δerm background, there is no published data available to support that 

idea that plasmid complementation also restores the toxin phenotype associated with the 

loss of FliC expression in this strain.  This phenotype was verified in no less than three 

independent experiments (data not shown).  Thus, FliC from the non-cognate strain 

restored both motility and toxin production phenotypes, the cognate flagellin only 

restored the motility phenotype.  Future experiments will be dedicated toward examining 

the intracellular FliC status of this complemented strain in an attempt to draw a 

meaningful conclusion from this potentially confounding piece of data. 

In the BI-1 background, the non-cognate 630Δerm fliC gene failed to complement 

the motility phenotype.  The non-cognate FliC protein also failed to complement the 

toxin phenotype (Figure 4.15).  In this instance, glycan incompatibility likely does not 
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account for the failure of the non-cognate FliC to restore levels of secreted toxin to wild 

type levels, and this would result in a sequestration of FliC inside the cell, resulting in 

lower levels of TcdA and TcdB secretion as seen in the gt1 and gt2 flagellar 

glycotransferase mutants.  One possible explanation for this observation is an 

incompatibility between the F1 region components (i.e. FliS and FliC) and the non-

cognate FliC protein, resulting in a destabilization of intracellular FliC, and the continued 

elevated expression of C. difficile toxin genes.  Future experiments aimed at parsing the 

effects of the F1 region components versus the effects of glycosylation on toxin 

production in this background are warranted. 
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Figure 4.14.  Cross-complementation of mutants with non-cognate fliC alleles 
impacts motility and flagellar assembly in the BI-1 background.  Gene swapping 
experiments revealed the 630Δerm strain can utilize the fliC gene from BI-1 to 
complement a fliC lesion resulting in motility loss, while the BI-1 strain cannot use the 
630Δerm fliC gene in the same capacity.  Loss of motility was determined to be due to 
a failure to assemble flagellar filaments. 
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Figure 4.15.  Cross-complementation with non-cognate fliC alleles impacts toxin 
synthesis.  A)  Plasmid complementation of a 630Δerm fliC mutant with the fliC allele 
from BI-1 results in a dampening of the toxin secretion levels to a level comparable to 
wild type.  B)  Plasmid complementation of a BI-1 fliC mutant with the fliC allele from 
630Δerm fails to restore toxin levels to wild type levels. 
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CHAPTER 4 HIGHLIGHTS 

• The C. difficile F2 flagellar region encodes a flagellin glycosylation locus 

differentially carried in a phylogenetic clade-specific manner 

• C. difficile strains differ in the type of glycan moieties and the number of 

modifications per FliC molecule 

• In strain BI-1, flagellin glycosylation is important for flagellin export and flagellar 

assembly 

• Glycans are assembled by a processive mechanism on the FliC surface in strain 

BI-1 

• Loss of flagellin glycosylation results in a blockade of FliC inside the vegetative 

cell, negatively impacting toxin secretion 

• Toxin gene expression is dependent upon the concentration of intracellular FliC 

• BI-1 flagellar glycans impact host cell signaling 

• The flagellin primary sequence is tightly linked to the function of the flagellar 

glycosylation machinery 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 

 

SUMMARY AND FUTURE DIRECTIONS 

 

Overview.  The intestinal tract is a challenging and dynamic environment for bacterial 

colonization.  Enteric bacteria, including both pathogens and commensals, have evolved 

refined mechanisms to colonize and interact with their respective mammalian hosts.  The 

bacterial flagellum represents an elegant hybrid of these two phenomena, allowing 

organisms to move through intestinal mucus, attach to the underlying epithelium, and 

communicate with the host through the engagement of TLR5.  This body of work 

examined the contribution of the C. difficile flagellar system to both enteric infection, and 

modulation of both host cell signaling and pathogen gene expression.  Novel roles were 

identified for components of the flagellar system in C. difficile toxin regulation, flagellar 

assembly, and epithelial cell engagement, highlighting the roles this system plays in 

central metabolism, pathogenesis, and host-microbial interaction. 

 

The regulation of C. difficile toxin gene expression by FliC status.  C. difficile 

flagellar mutants exhibit widely variable toxin phenotypes (10).  This work determined 

that the level of intracellular FliC is a key mediator of toxin gene expression.  Since FliC 

is not predicted to directly bind to DNA or RNA, the effect that the protein exerts 

intracellularly on toxin regulation is likely indirect.  

One regulator of flagellar gene transcription, SigD, does regulate toxin 

expression. However, members of the C. difficile 078 RT (flagellar architecture type C 
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strains) naturally lack the sigD gene due to loss of the F3 region of the flagellar locus.  

Intriguingly, these strains also exhibit elevated levels of toxin secretion in an isogenic 

fliC mutant. It therefore is likely that the toxin phenotype in these flagellin mutant 

backgrounds is a response to a number of different biological inputs, as the exhibited by 

pleotropic change in the expressed proteomes of fliC mutants. In motile strains of C. 

difficile, future experiments will be dedicated toward characterizing the impact of FliC 

abrogation on SigD levels, and the resulting SigD-specific changes in the overall 

proteome. Additional proteomics experiments in the RT 078 background will allow for 

interrogation of SigD-independent impacts on C. difficile biology when fliC is absent. 

Future in vivo studies will be aimed toward analyzing the impact FliC sequestration has 

on virulence and colonization phenotypes. 

The identification of the flagellar system, and FliC specifically, as a potent 

mediator of toxin production could serve as a basis for the rational design of inhibitors of 

flagellin secretion to be used for therapeutic intervention.  A number of C. difficile-

specific targets within the flagellar system could potentially fill this role, including the 

FliC-specific chaperones FliS1 and FliS2, the glycotransferases GT1 and GT2, the sigma 

factor SigD, or multiple structural components of the F3 flagellar regions.  Inhibitory 

action against any of these protein targets could result in intracellular FliC blockade and a 

reduction in C. difficile toxin production.  Identification or synthesis of such compounds 

could result in a novel class of bacteriostatic antibiotic compounds specifically targeting a 

bacterial flagellar system. 
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Interaction of FliD with host epithelial cells.  Since a recombinant protein and FliD-

specific antiserum have now been generated, future studies will focus on characterizing 

the putative interaction between C. difficile FliD and the GI epithelial cell surface.  

Blocking assays using both the recombinant protein and FliD-specific antibody will 

determine the relevance of the protein in C. difficile adhesion, and immunoprecipitation - 

mass spectrometry analysis will be used to identify FliD receptor(s). These efforts could 

also strengthen the case for the C. difficile FliD protein as a vaccine candidate to prevent 

CDI.   

 

Flagellin-mediated inflammatory signaling during CDI.  This work established a role 

for TLR5-signaling during CDI, and demonstrated that elevated levels of signaling 

though this receptor result in pathological consequences independent of C. difficile toxin 

production.  While FliC neutralizing antibodies were unsuccessful in preventing C. 

difficile colonization in vitro (178), immunization with both S. typhimurium (129) and 

recombinant C. difficile recombinant FliC (94) were protective against CDI challenge in 

murine models.  It remains to be determined if flagellin isolated from C. difficile is 

protective, as glycan modifications present on these molecules but not on recombinant 

FliC proteins, dampen immunogenicity.  

 

Concluding remarks.  The C. difficile flagellar organelle and regulatory pathway is a 

highly dynamic system capable of modulating pathogen-host interaction through a 

number of biologically refined physical and molecular interactions.  This system exhibits 

significant diversity among different C. difficile phylogenetic lineages, and therefore 
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multi-strain analysis is required before overarching conclusions can be drawn regarding 

flagellar function. 
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