
GENOME-WIDE INVESTIGATION OF VIBRIO
PARAHAEMOLYTICUS TYPE III SECRETION SYSTEM-1

REGULATION AND CHITIN METABOLISM

by

Landon J. Getz

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia

July 2022

Dalhousie University is located in Mi’kma’ki, the
ancestral and unceded territory of the Mi’kmaq.

We are all Treaty people.

© Copyright by Landon J. Getz, 2022



Dedicated to Jordon and Susan

ii



Table of Contents

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

List of Abbreviations and Symbols Used . . . . . . . . . . . . . . . . . xvii

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxi

Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 The Ecology of Vibrio Species . . . . . . . . . . . . . . . . . . . . . . 5

1.1.1 General Vibrio Biology . . . . . . . . . . . . . . . . . . . . . 5

1.1.2 Vibrio Interactions with Chitin . . . . . . . . . . . . . . . . . 7

1.1.3 From Environmental Organisms to Pathogens: Vibrio spp.
and Emergent Virulence . . . . . . . . . . . . . . . . . . . . 10

1.1.4 Vibrio Pathogenesis in Aquaculture and Acute
Hepatopancreatic Necrosis Disease . . . . . . . . . . . . . . 11

1.1.5 Human Pathogenic Vibrio species . . . . . . . . . . . . . . . 13

1.1.6 The Vibrio parahaemolyticus O3:K6 Pandemic Strain . . . 15

1.2 Vibrio parahaemolyticusHost-Pathogen Interactions . . . . . . . . 16

1.2.1 Host Attachment and Colonization: Extracellular Factors
and Type IV Secretion . . . . . . . . . . . . . . . . . . . . . . 17

1.2.2 Toxins and Hemolysins . . . . . . . . . . . . . . . . . . . . . 20

1.2.3 The Type II Secretion System . . . . . . . . . . . . . . . . . . 22

1.2.4 The Type VI Secretion Systems . . . . . . . . . . . . . . . . . 24

1.2.5 The Two Type III Secretion Systems . . . . . . . . . . . . . . 26

1.3 T3SS Gene Regulation in V. parahaemolyticus . . . . . . . . . . . . 35

iii



1.4 Rationale and Hypotheses . . . . . . . . . . . . . . . . . . . . . . . . 40

Chapter 2 The Transcriptional Regulator HlyU Positively
Regulates Expression of exsA, Leading to Type
III Secretion System 1 Activation in Vibrio
parahaemolyticus . . . . . . . . . . . . . . . . . . . . . . 43

2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.3.1 A Sensitive Functional Screen Identifies Genes Linked to
exsA Promoter Activation . . . . . . . . . . . . . . . . . . . . 46

2.3.2 Identification of Genes With Specific Insertional
Transposons that Alter exsA Promoter Activity . . . . . . . . 50

2.3.3 hlyU Null Mutants are Deficient for T3SS-1-dependent
Secretion and Cytotoxic Effects . . . . . . . . . . . . . . . . . 52

2.3.4 Purified HlyU Binds Upstream of exsA . . . . . . . . . . . . 54

2.3.5 HlyU Protects An Inverted Repeat Sequence within the exsA
Promoter Region from DNase I Digestion . . . . . . . . . . . 56

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.5 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.5.1 Bacterial Strains, Growth Conditions, and Plasmids . . . . . 62

2.5.2 Generation of Strain hlyU1 and Construction of a Plasmid
for hlyU1 Genetic Complementation . . . . . . . . . . . . . . 64

2.5.3 Mini-Tn5 Mutant Library Generation within the Vp-lux
Reporter Strain . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.5.4 Luciferase Reporter Library Screen . . . . . . . . . . . . . . 66

2.5.5 Statistical Binning to Categorize Transposon Mutants . . . . 67

2.5.6 Genetic Marker Retrieval . . . . . . . . . . . . . . . . . . . . 67

iv



2.5.7 Protein Secretion Assays . . . . . . . . . . . . . . . . . . . . 67

2.5.8 Cytotoxicity Assays . . . . . . . . . . . . . . . . . . . . . . . 68

2.5.9 Construction of a Recombinant Plasmid to Overexpress and
Purify HlyU-HIS . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.5.10 EMSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.5.11 6-FAM DNase I Footprinting Assay . . . . . . . . . . . . . . 70

2.6 Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Chapter 3 Attenuation of a DNA Cruciform by a Conserved
Regulator Directs T3SS-1 Mediated Virulence in
Vibrio parahaemolyticus . . . . . . . . . . . . . . . . . 72

3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.3.1 in silico Identification of Cruciform Forming Loci in Vibrio
Species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.3.2 Identification and Sequence Mapping of Cruciform
Structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.3.3 Evidence for exsBA Genetic Locus DNA Supercoiling and
Cruciform Formation within V. parahaemolyticus Cells . . . 80

3.3.4 Inverted Repeat and Palindrome Sequence Elements
Contribute to HlyU Binding . . . . . . . . . . . . . . . . . . 82

3.3.5 Mutations that Alter HlyU Binding Negatively Impact
T3SS-1 Activity in V. parahaemolyticus . . . . . . . . . . . . 83

3.3.6 HlyU Binding Attenuates a DNA Cruciform in the exsBA
Intergenic Region to Support Gene Expression . . . . . . . . 85

3.3.7 HlyU is Required for ExsA Auto-activation . . . . . . . . . . 89

v



3.3.8 Transcriptional Start Site Mapping Identifies a Cryptic
Promoter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.3.9 The Action of HlyU Binding at the Cruciform Locus is
Dispensable in the Absence of H-NS . . . . . . . . . . . . . . 93

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.5 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.5.1 Bacterial Cultures and Growth Conditions . . . . . . . . . . 99

3.5.2 Recombinant DNA Approaches . . . . . . . . . . . . . . . . 99

3.5.3 in silico Cruciform Analysis . . . . . . . . . . . . . . . . . . . 99

3.5.4 T7 Endonuclease and Cruciform Restriction Mapping
Assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

3.5.5 Transcriptional Reporter Assays Using exsBA DNA with
Altered HlyU Binding Potential . . . . . . . . . . . . . . . . 101

3.5.6 Vibrio parahaemolyticus Chromosomal Mutant
Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.5.7 in situ Chromosomal Cruciform Modification by
Chloroacetylaldehyde (CAA) Pulse-Chase Treatment . . . . 102

3.5.8 in vitro V. parahaemolyticus T3SS-1 Protein Secretion
Assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

3.5.9 V. parahaemolyticusHost Cell Cytotoxicity Assays . . . . . 103

3.5.10 Recombinant HlyU-HIS Protein Purification . . . . . . . . . 103

3.5.11 Electrophoretic Mobility Shift Assays . . . . . . . . . . . . . 104

3.5.12 5’ RACE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

3.5.13 Reconstitution of exsBA Genetic Locus Transcriptional
Activity in E. coli . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.6 Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

Chapter 4 Exploring the Roles of Two Sugar Catabolism

vi



Regulators in V. parahaemolyticus . . . . . . . . . . . 107

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.2.1 NagC and Mlc Sequences Comparisons with E. coli . . . . . 112

4.2.2 NagC and Mlc are Not Responsible For Regulation of Type
VI Secretion or Swimming Motility . . . . . . . . . . . . . . 114

4.2.3 NagC is Responsible For Regulating Chitin Utilization,
Biofilm Formation, and T3SS-1 Activity . . . . . . . . . . . . 116

4.2.4 Deletion ofnagC ormlcDoesNot Affect Cytotoxicity Against
Two Human Cell Lines . . . . . . . . . . . . . . . . . . . . . 119

4.2.5 crp Deletion Mutants Phenocopy the ΔnagC Mutants for
exsA Expression . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.4 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.4.1 Bacterial Strains and Culture Conditions . . . . . . . . . . . 129

4.4.2 Recombinant DNA Techniques and Allelic Exchange . . . . 129

4.4.3 Protein Sequence Comparison and Bioinformatics . . . . . . 135

4.4.4 Allelic Exchange . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.4.5 Prey-Killing Assays . . . . . . . . . . . . . . . . . . . . . . . 135

4.4.6 Immunoblotting . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.4.7 Swimming Motility Assays . . . . . . . . . . . . . . . . . . . 136

4.4.8 Biofilm Formation Assays . . . . . . . . . . . . . . . . . . . . 137

4.4.9 Chitinase Secretion/ZOC Assays . . . . . . . . . . . . . . . . 137

4.4.10 exsA Expression Luciferase Assays . . . . . . . . . . . . . . . 137

4.4.11 Host Cell Cytotoxicity Assays . . . . . . . . . . . . . . . . . . 138

vii



4.4.12 HIS-tagged CRP Purification . . . . . . . . . . . . . . . . . . 138

4.4.13 CRP EMSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Chapter 5 Interrogation of the Chitin Catabolic Pathway in
Vibrio parahaemolyticus . . . . . . . . . . . . . . . . . 140

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.2.1 Generation of a Streptomycin Resistant Strain of V.
parahaemolyticus . . . . . . . . . . . . . . . . . . . . . . . . 143

5.2.2 Optimization of TransposonMutagenesis andGrowthMedia
Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.2.3 Transposon Insertion Sequencing Statistics . . . . . . . . . . 153

5.2.4 Transposon Sequencing Confirms Necessary Genes for
Chitin Degradation in Vibrio parahaemolyticus . . . . . . . 158

5.2.5 Type II Secretion is Essential, While Individual Chitinases
are not Essential for Growth on Chitin . . . . . . . . . . . . . 161

5.2.6 Proteases and an Uncharacterized Transcriptional
Regulator are Essential for Growth in Chitin . . . . . . . . . 165

5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

5.4 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . 176

5.4.1 Culturing and Bacterial Growth Conditions . . . . . . . . . . 176

5.4.2 Generation of a Streptomycin Resistant Strain of V.
parahaemolyticus . . . . . . . . . . . . . . . . . . . . . . . . 177

5.4.3 Genome Sequencing, Quality Analysis, and Mutation
Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

5.4.4 Generation of pSC189-CmR . . . . . . . . . . . . . . . . . . 179

5.4.5 Transposition Experiments . . . . . . . . . . . . . . . . . . . 179

viii



5.4.6 Colloidal Chitin Preparation . . . . . . . . . . . . . . . . . . 181

5.4.7 Generation of Insertion Sequencing Libraries using
HTML-PCR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

5.4.8 TRANSIT Analysis of Sequencing Data . . . . . . . . . . . . 182

Chapter 6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

6.1 Conclusions, Limitations, and Outstanding Questions . . . . . . . . 184

6.2 The T3SS-1 Regulatory Paradigm and HlyU . . . . . . . . . . . . . . 188

6.3 Chitin Metabolism in V. parahaemolyticus . . . . . . . . . . . . . . 194

6.4 Final Remarks: Virulence and Metabolism . . . . . . . . . . . . . . 200

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

Appendix A Chapter 2 Supplementary Data . . . . . . . . . . . . . . 244

Appendix B Chapter 3 Supplementary Data . . . . . . . . . . . . . . 251

Appendix C Chapter 5 Supplementary Data . . . . . . . . . . . . . . 274

ix



List of Tables

1.1 T3SS-1 and T3SS-2 Structural Components. . . . . . . . . . . 28

1.2 T3SS-1 and T3SS-2 Secreted Effectors in
V. parahaemolyticus. . . . . . . . . . . . . . . . . . . . . . . . 32

2.1 Bacterial strains and plasmids used in Chapter 2. . . . . . . . 63

2.2 List of oligonucleotides used in Chapter 2 . . . . . . . . . . . 65

4.1 Bacterial strains and plasmids used in Chapter 4. . . . . . . . 131

4.2 List of oligonucleotides used in this Chapter 4 . . . . . . . . . 132

5.1 Contig analysis from genome sequencing the VpSm and
VpWt strain obtained from SPAdes assembly, as analyzed
by QUAST. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.2 Mutations identified in Chromosome 1 of V.
parahaemolyticus RIMD2210633 from the Thomas Lab
in 2020. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.3 Mutations identified in Chromosome 2 of V.
parahaemolyticus RIMD2210633 from the Thomas Lab
in 2020. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5.4 Unique mutations identified in the VpSm strain of V.
parahaemolyticus. . . . . . . . . . . . . . . . . . . . . . . . . 150

5.5 Transposition Frequency for pSC189-CmR into V.
parahaemolyticus . . . . . . . . . . . . . . . . . . . . . . . . 154

5.6 Transposon Sequencing Data Statistics from TRANSIT . . . . 156

5.7 ZINB Analysis of the known chitin utilization program . . . . 160

5.8 HMM status and ZINB analysis of the gsp operon
and lol genes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

x



5.9 HMM status and ZINB analysis of the quorum-sensing
regulators and other transcriptional regulators. . . . . . . . . 167

5.10 Bacterial strains and plasmids used in Chapter 5. . . . . . . . 178

5.11 List of oligonucleotides used in this Chapter 5 . . . . . . . . . 180

A.1 Selected transposon mutants after statistical selection for
tdhS::exsAlux library. . . . . . . . . . . . . . . . . . . . . . . . 245

A.2 RFU units and protein concentrations used to calculate
binding affinity of HlyU to DNA in vitro. . . . . . . . . . . . . 249

B.1 Palindrome Analyser output for V. parahaemolyticus
exsBA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

B.2 Palindrome Analyser output for V. anguillarum plp-vah. . . 260

B.3 Palindrome Analyser output for V. cholerae tlh-hlyA. . . . . . 262

B.4 Palindrome Analyser output for V. vulnificus
rtxA1 operon. . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

B.5 Observed cell cytotoxicity of bacterial strains with or without
complementation of exsA. . . . . . . . . . . . . . . . . . . . . 264

B.6 Bacterial Strains used in Chapter 3 . . . . . . . . . . . . . . . 265

B.7 Plasmids used in Chapter 3 . . . . . . . . . . . . . . . . . . . 268

B.8 Table of Oligonucleotides used in Chapter 3 . . . . . . . . . . 270

xi



List of Figures

1.1 Vibrio Environmental Interactions. . . . . . . . . . . . . . . 3

1.2 Universal T3SS Core Structure. . . . . . . . . . . . . . . . . . 29

1.3 T3SS-1 Master-Regulator exsA Regulation in V.
parahaemolyticus. . . . . . . . . . . . . . . . . . . . . . . . . 37

2.1 Integration of an exsA promoter-luxCDABE fusion into the
tdhS locus (tdhS::exsA-lux) results in bioluminescence and
a normal T3SS-1 secreted protein profile. . . . . . . . . . . . 47

2.2 Bioluminescence scatterplot of Vp-lux Tn5 insertional
mutants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.3 Schematic diagram of transposon insertion sites within
selected genes of interest identified by luminescence
screening of the Vp-lux Tn5 mutant library. . . . . . . . . . . 51

2.4 Protein secretion and exsA promoter activity assays with
the Vp-lux (tdhS::exsA-lux) strain and specific transposon
insertion mutants. . . . . . . . . . . . . . . . . . . . . . . . . 53

2.5 V. parahaemolyticus ΔhlyU mutant (strain hlyU1) is
deficient for secretion of T3SS-1 proteins and exhibits
reduced host cell cytotoxicity during infection. . . . . . . . . 55

2.6 Electrophoresis mobility shift assay (EMSA) and DNA
footprinting assays indicate HlyU binding to a region within
the exsA promoter. . . . . . . . . . . . . . . . . . . . . . . . . 57

2.7 Schematic diagram of the intergenic region involved in exsA
gene regulation. The ExsA binding motif and H-NS binding
site have been previously identified. . . . . . . . . . . . . . . 61

3.1 Identification of cruciform structures at the HlyU binding
site in the exsBA locus of V. parahaemolyticus. . . . . . . . . 78

xii



3.2 DNA supercoiling and cruciform formation within the exsBA
genetic locus regulate exsA promoter activity. . . . . . . . . . 81

3.3 Mutational analysis identifies nucleotide elements
important for HlyU interaction with DNA near the exsBA
cruciform forming locus. . . . . . . . . . . . . . . . . . . . . 84

3.4 V. parahaemolyticus T3SS-1 protein secretion and host cell
cytotoxicity are reduced in bacteria harbouring mutations
at the HlyU binding site near the exsBA DNA cruciform
forming locus. . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.5 Genetic deletions of intergenic exsBA inverted repeat and
palindrome sequences retain cruciform formation but are
altered for HlyU binding efficiency. . . . . . . . . . . . . . . 88

3.6 Reconstitution of the exsBA minimal regulon in E. coli
provides evidence for a kick-start model of exsA regulation
in V. parahaemolyticus. . . . . . . . . . . . . . . . . . . . . . 90

3.7 The exsBA intergenic region contains a autoregulatory and
an internal promoter element that require HlyU binding
near a cruciform to initiate a positive transcriptional
feedback loop. . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.1 Comparison of E. coli K12, V. parahaemolyticus
RIMD2210633, and V. cholerae El Tor N16961 Mlc and
NagC Protein Sequences. . . . . . . . . . . . . . . . . . . . . 113

4.2 Growth, swimming, and prey-killing phenotypes for null
mutants of nagC andmlc . . . . . . . . . . . . . . . . . . . . 115

4.3 Biofilm formation, chitin utilization, and exsA expression
phenotypes for the nagC andmlc null mutants. . . . . . . . 118

4.4 Deletion of nagC or mlc in V. parahaemolyticus does not
affect T3SS-1 mediated cytotoxicity . . . . . . . . . . . . . . 120

4.5 crp deletion mutants exhibit reduced exsA activity . . . . . . 122

4.6 CRP-HIS EMSA demonstrates DNA-binding to the hlyU
promoter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

xiii



5.1 Sequencing statistics for the SPAdes assembled VpSm and
VpWT parent V. parahaemolyticus genomes by QUAST
analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.2 Optimization of Transposition Frequency andGrowthMedia
Conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.3 Summary of TnSeq analysis. . . . . . . . . . . . . . . . . . . 157

5.4 Genes essential for chitin catabolism as identified
by TnSeq. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

5.5 TnSeq insertion data for the GlcNAc and (GlcNAc)2
transport and catabolism pathways. . . . . . . . . . . . . . . 162

5.6 TnSeq insertion data for the gsp operon . . . . . . . . . . . . 164

5.7 Schematic diagram of newly identified proteins and their
potential roles in Chitin Catabolism . . . . . . . . . . . . . . 170

6.1 T3SS-1 Regulation in V. parahaemolyticus . . . . . . . . . . 189

6.2 ChIP-Seq Workflow for NagC Regulon in
V. parahaemolyticus . . . . . . . . . . . . . . . . . . . . . . 196

6.3 T2SS Essential Gene Screen for Chitinase Secretion in V.
parahaemolyticus . . . . . . . . . . . . . . . . . . . . . . . . 198

A.1 Schematic diagram of transposon insertion sites within
genes identified by luminescence screening of the
tdhS::exsAlux Tn5 mutant library. . . . . . . . . . . . . . . . 246

A.2 Overexpression of HlyU-HIS in E. coli BL21(λDE3) using an
IPTG inducible T7 expression system. . . . . . . . . . . . . . 247

A.3 Electrophoretic mobility shift assay (EMSA) with the exsA
promoter region and purified HlyU-HIS. . . . . . . . . . . . 248

A.4 Prism 6 generated graph of the non-linear regression
equation above. . . . . . . . . . . . . . . . . . . . . . . . . . 250

xiv



B.1 Identification of cruciform structures at intergenic regions in
a variety of Vibrio spp. . . . . . . . . . . . . . . . . . . . . . . 252

B.2 Restriction maps of cloned Vibrio spp. DNA fragments. . . . 253

B.3 Growth curve for specifiedV. parahaemolyticus strains used
within the chloroacetylaldehyde pulse-chase experiment . . 254

B.4 HlyU-HIS Protein Purification . . . . . . . . . . . . . . . . . 255

B.5 Palindrome analyzer results for exsBA inverted repeats and
central palindrome genetic deletions. . . . . . . . . . . . . . 256

B.6 A plasmid-based transcriptional fusion of the exsBA
intergenic region to a luxCDABE cassette is dependent on
HlyU for maximal activity in V. parahaemolyticus. . . . . . 257

B.7 Two promoters exist at the exsBA intergenic region that
transcribe exsA. . . . . . . . . . . . . . . . . . . . . . . . . . 258

xv



Abstract

Vibrio parahaemolyticus is the leading cause of seafood-borne gastroenteritis
in humans following the consumption of contaminated seafood, and is a
consequential organism for aquaculture and human health. The pandemic
strain of V. parahaemolyticus encodes toxins and hemolysins, two type III
secretion systems, and two type VI secretion systems. Primarily, two type III
secretion systems, T3SS-1 and T3SS-2, drive rapid host-cell cytotoxicity and
enterotoxicity, respectively. How V. parahaemolyticus uses these secretion
systems to coordinate virulence is not understood. It is clear that T3SS-1 is
expressed in calcium-depleted, magnesium-supplemented rich media. However,
it is not clear how this signal is transduced into the cell, or through what
mechanism the expression of the T3SS-1 master regulator ExsA is induced.
Using a transposon mutagenesis screen, we identified HlyU, a SmtB/ArsR
family transcriptional regulator as essential for exsA expression. Next, we
explored the mechanism of HlyU-dependent expression of exsA, and identified
a non-β-DNA superstructure – a DNA cruciform – involved in the regulation of
exsA. Through a currently unknownmechanism,HlyU and the cruciform structure
appear to interact to de-repress exsA expression. Taken together, these studies
contribute to our understanding of exsA expression, and T3SS coordination,
in V. parahaemolyticus. In addition to virulence, Vibrio spp., including
V. parahaemolyticus, catabolize and assimilate chitin in the environment.
Importantly, many Vibrio spp. interactions with seafood and aquacultural
organisms are driven by their ability to sense, move towards, and degrade
this common and rich carbon and nitrogen source. To better understand
the connection between their environmental life and their pathogenic one, I
characterized two important sugar catabolism regulators, and their role in
cellular functions including chitinase secretion, biofilm formation, and T3SS-1
expression. Then, I employed a transposon-sequencing approach, which combines
high-efficiency transposonmutagenesiswith high-throughputDNAsequencing, to
explore the genes necessary for chitin catabolism genome-wide. Here, I identified
uncharacterized sugar transport and transcriptional regulator genes as essential
for growth on chitin. Vibrio spp. are a growing global burden. Understanding
how they survive in the environment, and how they coordinate virulence, is vital
to predicting and managing emerging disease.
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Chapter 1

Introduction

Prokaryotic organisms make up approximately 13% of the globe’s biomass

measured by carbon (70 Gt C) and are the second most abundant organisms on

earth, second only to plants which make up approximately 80% of the globe’s

biomass (450 Gt of C) [1]. These remarkably abundant organisms are essential

for a variety of nutrient cycles – including but not limited to nitrogen, carbon,

phosphorous, and sulfur cycles – which provide energy and vital nutrients to

other forms of life. This is also true of marine prokaryotes, which provide the

foundations of marine food webs and nutrient cycles [2]. Marine microbes are

responsible for half of the primary production on Earth, converting CO2 from the

atmosphere into oxygen and sugar [3, 4].

These global cycles are at risk of disruption, with anthropogenic climate

change significantly impacting global ecosystems. This impact will not spare

prokaryotes [5]. While dysbiosis in a variety of marine ecosystems will occur

through climate change induced modifications in ocean temperature, acidity, and

salinity, a particularly troubling concern surrounds microbial pathogens and the

impacts that changes in these marine attributes will have on them. For example,

both ocean acidification and thermal stress drive significant changes in species

composition of the coral holobiont – the symbiotic host-microbe interactions that

allow the coral to survive – shifting towards opportunistic organisms like the

Vibrionacea and Alteromonadaceae [6–9]. Studies have shown that thermal

stress can increase the presence of Vibrio spp. virulence factor genes, including

flagella, chitinases, and pili [7].
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Vibrio spp. are some of the most broadly studied marine bacteria due to their

remarkable diversity and relative ease of isolation in laboratory culture. In fact,

the causative agent of cholera, Vibrio cholerae, was the one of the first pathogens

to be described, first by Filippo Pacini in 1854 and later isolated in pure culture by

Robert Koch in 1884 [10–12]. The Vibrio genus is a gram-negative, rod-shaped,

halophilic group of bacteria which contains over 120 individual species [13].

Vibrio spp. exist in a variety of niches including free-living in the water column,

associatedwith other organisms like bivalves andmolluscs [14], corals [15], shrimp

[16, 17], fishes [18], zooplankton (including copepods) [19], squid [20], sponges

[21], and seagrasses [22–24], as-well as associated with abiotic particles and in

soil sediment [25] (Figure 1A).

Much of this ecology is driven by a strongly conserved chitin metabolism

pathway which makes Vibrio spp. important in the cycling of marine carbon

[26, 27]. For example, colonization of chitinous marine plankton like copepods

is considered to be a significant environmental reservoir for V. cholerae [28].

Notably, although some of these interactions are beneficial – such as nitrogen

fixation in the coral mucus of Mussismilia hispida by V. harveyi and V.

alginolyticus–many of these interactions are pathogenic in nature [29, 30]. These

myriad interactions in the environment make Vibrio spp. a microbial group of

concern, especially in the world’s changing oceans.

Vibrio spp. drive pathogenicity in a number of animals including mammals,

coral, fish, and crustaceans. Primary culprits include V. parahaemolyticus, V.

alginolyticus, V. harveyi, V. cholerae, and V. vulnificus. Importantly, some

of these species, like V. parahaemolyticus, V. alginolyticus, and V. harveyi,

infect agriculturally important organisms and cause significant economic damages

[31–33]. Fourmajor humanpathogens belong in theVibrio genus aswell including

V. cholerae, V. parahaemolyticus, V. vulnificus, and V. alginolyticus [30].
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Figure 1.1: Vibrio Environmental Interactions. A. A broad visual representation
of Vibrio spp. environmental interactions. Vibrio spp. interact with a variety of
substrates in the environment to cause disease, fix nitrogen, and colonize surfaces
such as abiotic particles and soil sediment. B. An overview of chitin sensing and
degradation by marine Vibrio spp. The primary proteins/genes involved in each
process are labelled. The black lines between theVibrio cell and the chitinmolecule
represent attachment to the molecule.
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Connecting the many lifestyles of the Vibrionacea – regarding basic biology,

environmental ecology and survival, as well as host-pathogen interactions – will

advance and clarify knowledge in the field of prokaryotic biology and physiology

alone. Perhaps more practically, considering the broader picture of Vibrio

biologywill be vital in preventing future pathogen emergence, enhancing pathogen

surveillance, and dealing with infections as they occur in both agriculturally

important animals and in humans. Recent studies have indicated that there is a

strong link between climate change and Vibrio infections [34, 35]. Perhaps most

obvious is the direct correlation between increased sea surface temperature and

the number of Vibrio infections in humans [34]. This raises concerns about how

well we understand Vibrio pathogenesis, and if we are prepared for future Vibrio

spp. epidemics or pandemics.

The work in this thesis will explore aspects of V. parahaemolyticus

host-pathogen interactions and environmental survival, through exploration of

type III secretion and chitin metabolism. In preparation of this exploration,

I will introduce Vibrio biology by first examining a broad overview of their

ecology and diversity, with a particular focus on the molecular mechanisms of

chitin metabolism and degradation. I will then explore Vibrio pathogenesis

broadly including a discussion of both agriculturally important pathogens and

human pathogens. Following, considering this work is primarily focused on

molecular mechanisms of V. parahaemolyticus pathogenesis, I will explore V.

parahaemolyticus host-pathogen interactions in detail, with a particular focus on

Type III secretion system biology and regulation. I will conclude this chapter by

providing a rationale for the four linkedbut distinct studies presented in this thesis.
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1.1 The Ecology of Vibrio Species

1.1.1 General Vibrio Biology

Vibrio species have a number of shared traits which influence their ecology

and niche selection. Vibrio carry two chromosomes, both of which encode

essential genes, and use a complex partitioning mechanism to maintain both

chromosomes [36–38]. Vibrio spp. generally prefer higher temperatures (>18°C)

and lower salinity conditions (<2.5% NaCl), although some Vibrio spp. have

differential salt requirements, like V. cholerae which can survive in fresh water

[39–41]. Importantly, the tolerance of V. cholerae for low salt conditions allowed

it to spread and survive in drinking water, contributing to a number of distinct

pandemics. Also, Vibrio spp. are known to be some of the fastest growing

prokaryotic organisms on record, with V. parahaemolyticus and V. vulnificus

doubling every 12-14 minutes and 20-25 minutes, respectively, and others species

like V. natriegens having a doubling-time less than 10 minutes [42, 43]. For

this reason, V. natriegens has been explored as a new tool for recombinant DNA

technologies and synthetic biology [44, 45]. This growth rate impacts their ecology,

as introduction of the appropriate nutrients to a marine environment allows rapid

response and massive increase in Vibrio population. For example, the arrival of

sub-saharan dust to tropical north Atlantic water – dust which often contains

important nutrients for biological life, including iron – generates Vibrio blooms

[46, 47].

The Vibrio genus contains remarkable diversity with over 120 known species

and a pan-genome which contains over 17,000 gene families [13, 48]. These

species represent symbiotic organisms, like V. harveyi andV. alginolyticus, which

contributes to nitrogen cycling inMussismilia hispida, orV. fischeri, who colonizes

the light organ of the Hawaiian Bobtail Squid (Euprymna scolopes) and protects

them from predators [20, 49, 50]. Others represent organisms of consequence
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for both agricultural health and human health, such as V. parahaemolyticus, V.

cholerae, V. vulnificus, and V. coralliilyticus, to name only a few [29, 51–56].

The broadness of hosts, ecosystems, and functions of Vibrio spp. make them

particularly important organisms to study and understand (Figure 1.1).

Onemechanismwhich drives the diversity ofVibrio spp. includes their genome

plasticity and predisposition for horizontal gene transfer [13, 57–59]. Natural

competence in Vibrios – the ability to uptake DNA from the environment and

incorporate it into the genome – is linked to the colonization of chitin, where both

expression of Type VI secretion systems (T6SS), as well as natural competence

machinery is induced [59–62]. Importantly, the two systems appear to be linked,

in that T6SS killing of neighbouring cells (see Section 1.2.4 Type VI Secretion

Systems) releases large pieces of DNA which can be taken up by the Vibrio cell

[63, 64]. Indeed, studies have indicated that Vibrio can capture very large pieces

of DNA – many pieces larger that 100 kbp – from T6SS-targeted prey [65].

Horizontal gene transfer can dramatically shape the genome of Vibrio spp., as

seen by Efimov et al., where the acquisition of Shewanella genes by V. vulnificus

biotype 1 led to the generation of wound-infection causing V. vulnificus biotype 3

in aquaculture ponds in Israel [29, 66, 67].

DNA uptake by Vibrio spp. is initiated by a regulatory cascade that begins

at TfoS, a chitin oligosaccharide sensor which activates the expression of a small

RNA, tfoR [62, 68]. TfoR is Hfq-dependent, and interacts with the 5’ untranslated

region of the mRNA for tfoX [62]. TfoX is a master transcriptional regulator of

natural competence, driving the expression of many genes involved in the natural

competence regulon [59, 69]. The presence of Type IV pili allows V. cholerae to

pick up environmental DNA, which then enters the cell through the Type IV pilus

machine [70]. ComEA unwinds the double-strandedDNAmolecule, while ComEC

carries a ssDNA strand through the inner membrane to be incorporated into the

chromosome [59, 71–73]. Natural competence is also under the control of quorum
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sensing, where at low-cell density a DNase is expressed which degrades dsDNA as

it enters the cell. When quorum sensing regulators are present at high cell density,

this gene is repressed and natural competence can proceed [59, 74].

1.1.2 Vibrio Interactions with Chitin

Chitin provides the foundation for many of the ecological relationships of Vibrio

species. Chitin is the second most abundant carbon polymer on Earth, second

only to cellulose, and the most abundant carbon polymer in the world’s oceans.

Chitin makes up the exoskeletons of a variety of marine phytoplankton, including

microscopic crustaceans like copepods [75]. Macroscopic organisms, like crabs,

molluscs, and shrimp also contain chitinous shells. Chitin is a β-1,4-N-linked

polymer of N-acetyl-D-glucosamine (GlcNAc) and is a stable polymer, requiring

specialized enzymes and organisms to recycle the carbon and nitrogen it contains.

The Vibrionacea are one such group of organisms, as they encode a conserved

chitin catabolism pathway and are capable of surviving on chitin as their sole

carbon source [27].

Metabolism and degradation of chitin in the environment is a complex

operation, involving: 1) chemotaxis and sensing, 2) attachment, and 3)

degradation and assimilation (Figure 1.1B) [19] (Figure 1.1B). Vibrio spp.

use chemotaxis to move towards the source of the GlcNAc oligosaccharides, and

membrane-bound regulators like ChiS and TfoS to control the expression of

proteins necessary for interaction with and degradation of the chitin molecule,

including through the expression of chitinases and specialized catabolism

enzymes (Figure 1.1B) [27, 59, 76]. V. cholerae encodes 68 open-reading

frames annotated as putative chemotaxis genes, and studies have shown that

GlcNAc oligosaccharides, GlcNAc monomers, and the heterodisaccharide

4-O-(N-acetyl-β-d-glucosaminyl)-d-glucosamine (GlcNAc-GlcN) drive

chemotaxis in members of the Vibrio spp. [77–81]. Next, Vibrio must attach
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to chitin, and does so with a variety of secreted factors, namely GlcNAc-binding

protein A (GbpA) and Type IV pili (Figure 1.1B). Following attachment, the

secretion of a number of chitinase enzymes in conjunction with specialized sugar

catabolism proteins allow for the successful degradation and assimilation of the

carbon and nitrogen found in chitin. (Figure 1.1B.)

Three primary chitin attachment mechanisms have been described, including

two Type IV pili and an attachment molecule GbpA. The Mannose Sensitive

Hemagglutinin (MSHA) pilus has been shown as essential for the initial

attachment of V. cholerae during biofilm formation, and is constitutively

expressed in V. cholerae [76, 82, 83]. Alternatively, the Chitin Regulated Pilus

(ChiRP) discovered by Meibom et al. is activated by ChiS and is only expressed

in media containing (GlcNAc)2-6 oligosaccharides. ChiRP confers an advantage

on chitinous surfaces, and is involved in bacterial agglutination during biofilm

formation [84]. Vibrio also secretes an attachment molecule GbpA via the general

secretion pathway (the general secretion pathway is also referred to as Type

II Secretion, see Section 1.2.3 The Type II Secretion System), which is highly

conserved in V. cholerae environmental and clinical strains, and aids in the

colonization of biotic chitinous surfaces [85]. GbpA is a 4-domain protein where

domain 1 interacts with chitinous surfaces, and domain 2 and 3 interact with the

V. cholerae cell surface [86]. Domain 4 is so far unresolved, although sequence

similarity to a chitinase chitin-binding domain suggests that it also has chitin

binding activity. GbpA is proposed to be secreted by Vibrio spp., coating chitinous

surfaces and enhancing colonization.

Chitin catabolism requires a complex array of enzymes and proteins needed to

import, modify, and assimilate chitin from its large polymeric form, into smaller

oligosaccharides, and eventually to GlcNAc monomers. Upon the sensing of

GlcNAc oligomers by TfoS as well as ChiS, the expression of a number of chitinases

is activated to degrade the chitin polymer [87]. After oligosaccharides are released
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from the chitin polymer, these oligosaccharides can be imported into the cell

through a chitoporin in the outer membrane, which is also regulated by ChiS

[76, 88]. Following import, three seperate genetic regulons are activated, for

degradation of nonacetylated chitin residues (GlcN)2, (GlcNAc)2, and GlcNAc

monomers. The assimilation of (GlcNAc)2 is coordinated by the sensor histidine

kinase ChiS which directly activates the chb operon from the inner membrane

[76, 89, 90]. Importantly, a GlcNAc-oligosaccharide periplasmic binding protein

(CBP) interacts with ChiS in the absence of GlcNAc polymers, and prevents

ChiS activation of chb. However, upon binding to GlcNAc polymers, CBP can

no longer interact with ChiS, and ChiS is free to activate chb [89, 90]. The

chb operon encodes an ATP-binding cassette (ABC) transporter necessary for

the import of (GlcNAc)2 across the inner membrane, and a number of enzymes

which convert GlcNAc2 into GlcNAc-6-Phosphate (GlcNAC-6-P). Further, the

nagE-nagBC and nagA genes are required for catabolism of GlcNAc monomers

and are regulated by NagC. NagC is a ROK (repressor orf kinase) family

transcriptional repressor that regulates a number of genes involved in aminosugar

catabolism. However, NagC is under allosteric regulation by GlcNAc-6-P, where

when bound toGlcNAc-6-P,NagC cannot bindDNAand therefore does not repress

its regulon. In turn, the NagE-NagBC divergent operon, as well as NagA are

expressed. NagE encodes a phosphoenolpyruvate-dependent phosphotransferase

system (PTS) which moves GlcNAc across the inner membrane and converts it

to GlcNAc-6-P. NagA encodes a N-acetylglucosamine-6-phosphate deacetylase

which converts GlcNAc-6-P to glucosamine-6-phosphate (GlcN-6-P), while NagB

encodes a glucosamine-6-phosphate deaminase which converts GlcN-6-P to

fructose-6-phosphate and NH3. Alternatively, microarray analysis of V. cholerae

identified seven genes differentially regulated when grown on (GlcN)2, including

a cellobiose PTS gene cluster [76]. In the absence of the IIC component of this

PTS system, V. cholerae exhibited a growth defect on (GlcN)2 indicating that V.
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cholerae can grow on (GlcN)2, and requires the PTS IIC component to do so [76].

All three of these pathways for the catabolism of chitin oligosaccharides provide

fructose-6-phosphate which can feed into the glycolysis and pentose-phosphate

central metabolic pathways.

As noted, chitin and GlcNAc have significant impacts on Vibrio spp. ecology.

Vibrio interaction with chitin in the environment serves as the foundation for

their colonization of chitinous organisms [91]. Chitin induces a number of

cellular-responses, driving biofilm formation and protozoan-grazing persistence

in V. cholerae [83, 92]. Further, V. fischeri identifies and chemotaxes towards

the E. scolopes light organ through the sensing of (GlcNAc)≥2 oligosaccharides

[80]. V. cholerae adheres to the planktonic crustacean Daphnia pulex and

Daphnia magna, and interacts with many other chitinous organisms such as

the copepod Tigriopus fulvus, shrimp, and crabs using a variety of extracellular

chitin-binding proteins and secretion systems [28, 76, 91, 93–95] (Figure 1.1A).

These interactions provide Vibrio spp. with a valuable source of carbon and

nitrogen, but can also concentrate pathogenic Vibrio spp., which can significantly

increase risk of infection in humans (see Section 1.1.5 Human Pathogenic Vibrio

spp.) [96–98].

1.1.3 From Environmental Organisms to Pathogens: Vibrio spp. and

Emergent Virulence

Pathogenic bacteria are only pathogenic given the alignment of a variety of factors

that give rise to something larger than the sum of its parts: pathogenesis. This

process is known as emergent virulence, the process through which synergy

between bacteria and host drives symptoms and disease [99]. For bacteria

which are found environmentally and as human pathogens, this is a particularly

important feature of virulence, as often the mechanisms used to invade, colonize,

and drive disease in a host are tools these bacteria can use for environmental
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survival as well. The understanding of how pathogenesis emerges is vital to

predicting and managing future infections, and requires broad exploration and

study of the ecology of bacterial pathogens. For example, V. cholerae uses GbpA

to attach to chitinous surfaces in the environment, allowing for the efficient

degradation and uptake of nutrients [85]. However, GbpA is also necessary for

efficient attachment and colonization of host-cell surfaces, as GlcNAc decorates

the outside of human epithelial cells and is found in intestinal mucin [28,

86]. While I have thus far discussed broad Vibrio ecology, I will now turn to

their pathogenesis by exploring infectious organisms in aquaculture (primarily

shrimp) and in humans, followed by a particular focus on V. parahaemolyticus

host-pathogen interactions to provide appropriate context for this thesis.

1.1.4 Vibrio Pathogenesis in Aquaculture and Acute

Hepatopancreatic Necrosis Disease

In 2020, the Food and Agriculture Organization of the United Nations (FAO)

reported that world fisheries produced 179 million tonnes in 2018, while

aquaculture alone contributed 82 million tonnes. Global fish production is valued

at 410$ billion USD, while aquaculture alone is valued at 250$ USD billion [100].

The FAO also reports that while known pathogens contribute significantly to

economic loss in the aquaculture setting, previously unknown emerging pathogens

cause production losses roughly every three to five years [101]. Many of these

established and emerging infections are attributed to Vibrio spp. and vibriosis

remains themost commondisease in aquaculture organismsworldwide [102, 103].

A number of well-described Vibrio spp. cause disease in agriculturally

important species. Vibrio in these contexts are primarily opportunistic pathogens

that cause a variety of diseases in crustaceans including acute hepatopancreatic

necrosis disease (AHPND), a variety of shell diseases including luminescent

vibriosis shell disease syndrome, and Vibrio-caused bacteremia [33, 104–109]. V.
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harveyi,V. parahaemolyticus,V. alginolyticus, andV. anguillarum are important

pathogens in a variety of aquacultured fish species, causing septicemia following

infection [31]. Opportunistic Vibrio spp. are linked to infections in the Pacific

oyster (Crassostreae gigas), particularly following a viral infection from Ostreif

herpesvirus, leading to Pacific Oyster Mortality Syndrome [110]. Primarily, these

diseases are seen in the summer months where water temperatures are more

conducive toVibrio spp. growth and spread. As well, in warmer waters, along with

the over-crowded conditions common in aquaculture, fish can become stressed

and immunocompromised, leading to further spread of the pathogenic Vibrio spp.

as shown by Cheng and colleagues in the Orange-spotted grouper (Epinephelus

coidoides) challenged with pathogenic V. alginolyticus [111].

An emerging and significant problem for aquaculture is the discovery of a

strain of V. parahaemolyticus which causes early mortality syndrome (EMS,

more recently known as acute-hepatopancreatic necrosis disease; AHPND) in

agriculturally important shrimp species [112]. AHPND causes mass mortality

events at infected aquaculture farms, through the destruction of the moribund

shrimp hepatopancreas, an essential organ for digestion [16]. AHPND was first

described as EMS in 2009 in China, and later spread to southeast Asia andMexico

[113]. AHPND was more recently identified in the United States in 2019 [114].

AHPND is estimated to have caused USD 43$ billion in losses across Asia and

in Mexico [112]. Primarily, AHPND is caused by strains of V. parahaemolyticus

carrying a set of Photorhabdus insect-related toxins PirAVp and PirBVp (See section

1.2.2 Toxins and Hemolysins) [113].

While Vibrio spp. can drive pathogenesis in agriculturally important

organisms, disease to aquaculture animals is not the only disease concern caused

byVibrio spp. Species likeV. vulnificus andV. parahaemolyticus can colonize and

persist in molluscan shellfish such as oysters, leading to human disease [115, 116].

While not a direct disease or mortality in the affected seafood, infections from the
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consumption of contaminated seafood cause significant economic losses [117]

1.1.5 Human Pathogenic Vibrio species

There are 4 primary human pathogenic species of Vibrio: V. cholerae, V.

parahaemolyticus, V. vulnificus, and V. alginolyticus. However, a number

of other Vibrio spp., can cause disease in humans, including V. fluvialis, V.

hollisae, V. mimicus, and V. metschnikovii [30]. These Vibrio spp. largely

drive infection through the consumption of contaminated water or seafood and

cause gastroenteritis. Some species, like V. cholerae, V. parahaemolyticus

and V. vulnificus frequently cause wound infections through contact with

contaminated seawater or seafood [118]. Importantly, while V. cholerae and V.

parahaemolyticus infections rarely cause septicemia, V. vulnificus infections are

often associated with sepsis through either wound infections or the consumption

of contaminated seafood, and have a high mortality (~25% for wound infections,

~50% for seafood consumption) [30, 119]. In the United States, V. vulnificus is

responsible for >95% of contaminated seafood deaths [120].

Themost prevalent and seriousVibrio spp. infectious disease is cholera, caused

by the aptly named V. cholerae. V. cholerae causes upwards of 5 million cases

and 100,000 deaths annually, and is endemic in India and Bangladesh [121–123].

Many serogroups of V. cholerae have been identified, largely characterized by

the O-antigen of the lipopolysaccharide (LPS). The O1 and O139 serogroup of

V. cholerae often carry cholera toxin, which is the key virulence factor driving

severe dehydrating diarrhea. Cholera toxin is an AB5 type toxin which interacts

with the ganglioside GM1 on epithelial cells in the small intestine and ultimately

drives significant water and salt loss from intestinal cells [30, 124, 125]. The

diarrhea associated with cholera toxin is often referred to as rice-water stool, as

it is associated with massive amounts of water loss, sometimes reaching >1L per

hour [121]. While the diarrheal disease is thought to aid in the dissemination of
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the bacteria from the host into the environment, it also aids in the acquisition of

key nutrients [126]. Non-O1 and non-O139 strains of V. cholerae –which typically

do not carry cholera toxin – can still drive serious gastrointestinal disease as well,

without the characteristic rice-water stool [30].

V. vulnificus infection can occur from the consumption of contaminated

seafood, or through wound infections, and is often characterized by a rapidly

progressing and often fatal septicemia. A number of virulence factors,

including secreted toxins such as multifunctional-autoprocessing repeats-in-toxin

(MARTX), are essential for bacterial spreading beyond the intestine and for the

widespread tissue damage seen in both intestinal and wound infections [127].

Importantly, V. vulnificus is an opportunistic pathogen, generally only causing

disease in people with increased serum iron, often seen in liver disease patients

[128, 129]. Understanding V. vulnificus pathogenesis remains an important

priority, as the disease progression is often too rapid for treatment prior to severe

septicemia.

While some Vibrio spp. are more common, others like V. alginolyticus

can cause disease in humans although do so at a low rate and respond well

to antibiotic treatment [30]. V. alginolyticus is often associated with wound

infections, as well as eye and ear infections, although these infections rarely

progress to sepsis [130]. However, the incidence of even the low-rate Vibrio

infections is increasing [131]. As noted previously, corollary evidence from the

Baltic Sea shows that increase in sea surface temperature associated with global

climate change causes significant increases in Vibrio spp. infections [34]. In fact,

long term ocean warming has increased Vibrio prevalence in northern oceans over

time, according to retrospective molecular analyses of North Sea water samples

[132]. While non-cholera Vibrio infections remain comparatively sparse, their

increasing prevalence warrants considerable research into both their ecology and

their host-pathogen interactions.
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1.1.6 The Vibrio parahaemolyticus O3:K6 Pandemic Strain

V. parahaemolyticus, while not as prevalent as cholera or as fatal as V. vulnificus,

also causes gastrointestinal disease in human hosts following the consumption

of contaminated seafood, primarily undercooked molluscan seafood like oysters

[55]. In fact, Vibrio parahaemolyticus is the leading cause of seafood-borne

gastroenteritis worldwide. While a variety of toxins and secretion systems have

been identified inV. parahaemolyticus, how it coordinates these secretion systems

and toxins to cause disease remains somewhat unclear, in part due to a lack of

effective animal models which replicate human infection (explored in detail in

Section 1.2 Vibrio parahaemolyticus host-pathogen interactions).

V. parahaemolyticus was a known human pathogen prior to the emergence

of the pandemic O3:K6 strain, causing occasional outbreaks from seafood

consumption in the United States, while being prevalent in Japan [133, 134].

Surveillance of V. parahaemolyticus infections began in Kolkata, India began in

1994, and this surveillance identified a significant increase in infections in 1996.

When compared with strains from before and after 1996 isolated from travellers

in Japan, it became clear that the increase in infections was due to a new, unique

O3:K6 serotyped strain isolated in Japan in 1995 [135]. Following identification of

a similar O3:K6 strain in theUnited States [136], Chile [52], and Spain [137], it was

labelled as the first human-pathogenic pandemic strain of V. parahaemolyticus

[138]. This strain, labelled RIMD2210633, was sequenced in 2003 and remains

the model strain for laboratory studies of V. parahaemolyticus host-pathogen

interactions with humans [139]. Following this pandemic outbreak, O3:K6

infections were – and are – reported regularly from contaminated, under-cooked

seafood [140–144]. The British Columbia Centre for Disease Control (BCCDC)

indicates that V. parahaemolyticus infections are increasing in prevalence in

Canada, with the largest outbreak recorded in British Columbia with 67 people
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falling ill in 2015 [145, 146]. V. parahaemolyticus was estimated to cause roughly

30,000 infections annually in the United States in 2011 [147].

More recently, an endemic strain of V. parahaemolyticus in the United Stated

Pacific Northwest, labelled ST36 (multilocus sequence type 36) was identified in

Spain and the eastern coast of the United States [148, 149]. This particular strain

has been identified to have a significantly lower infectious dose than the pandemic

O3:K6 strain, at 103 - 104 cells compared to 107 - 108 cells for the O3:K6 strain

[30, 150]. While not yet found worldwide, the spread of ST36 to other continents

indicates that it has likely established environmental reservoirs and remains an

emerging risk for the development of a new pandemic strain [151].

1.2 Vibrio parahaemolyticusHost-Pathogen Interactions

As noted above, V. parahaemolyticusO3:K6 is the leading-cause of seafood-borne

gastroenteritis globally. Given its importance as a humanpathogen, and the nature

of its disease linked to agriculturally important animals, V. parahaemolyticus

pathogenesis has been a topic of considerable research. However, while we

understand that V. parahaemolyticus encodes a number of secretion systems

and toxins, exactly how these mechanisms are coordinated to cause disease

remains unclear. Here, I will explore V. parahaemolyticus host-pathogen

interactions, including host attachment, Type II, III, VI, and VI secretion systems,

as well as the relevant hemolysins and toxins. For the purposes of this thesis,

particular attention will be paid to the Type III secretion systems encoded by V.

parahaemolyticus and their regulation.
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1.2.1 Host Attachment and Colonization: Extracellular Factors and

Type IV Secretion

At the onset of infection, gastrointestinal bacterial pathogens must first establish

a niche within a host, out-competing the native microbiome for limited space and

adhere to host surfaces. As such, bacterial pathogens have evolved a variety of

mechanisms to attach. The mechanisms used by V. parahaemolyticus for the

attachment and colonization to the human intestine include aType IVpili (MSHA),

GbpA, cell-surface proteins (MAM7) and the two T6SSs [86, 152–154].

Many gram-negative bacteria encode Type IV pili machinery, often but not

exclusively used for surface adherence. The type IV pili found in many Vibrio

spp. including V. cholerae and V. parahaemolyticus, are composed of 4 primary

components: one or more cytoplasmic ATPases and inner membrane platform,

an outer-membrane pore, the pilus filament itself, and an alignment complex

connects the inner membrane and outer membrane components [155–158]. Type

IV pili form two subclasses that vary based on their amino acid sequence and

length. Type IVa pili tend to have shorter mature pili sequences after peptidase

cleavage and shorter leader sequences, while Type IVb pili have longer mature

pilins, and longer leader sequences. TheType IVpili found inV. parahaemolyticus

resemble the well-studied P. aeruginosa Type IVa pilus, and its structural proteins

are presented here. The outer membrane complex is composed of PilQ subunits

which form an outer membrane pore, along with the PilF pilotin protein [159,

160]. The inner membrane platform protein is composed of four proteins, PilC

which forms the integral membrane platform, and PilB, PilT, and PilU which form

a cytoplasmic ATPase [161]. PilMNOP form an alignment complex which connects

the outer membrane pore with the inner membrane platform [162]. Finally, the

pilus itself is generated from the major pilin subunit PilA, along with five minor

pilins [157, 163]. This occurs through the polymerization of membrane localized
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pilin subunits into a pilus structure, which is extended by the ATPase. Retraction

ATPases are also common in Type IVa pili, depolymerizing the pilus to retract it

back into the cell [164]. Type IV pili are involved in extracellular DNA uptake,

inter-bacterial interactions and biofilm formation, aswell as twitchingmotility and

surface attachment [155, 165, 166].

V. parahaemolyticus encodes two Type IV pili, MSHA and ChiRP [84, 167].

ChiRP was discovered by Meibom et al. – first in V. cholerae – by use of a

microarray with or without exposure to GlcNAc [76]. ChiRP presents a significant

growth advantage to V. cholerae in the presence of chitin [76]. The MSHA

pilus was also first discovered in V. cholerae [168]. MHSA is expressed during

growth of V. parahaemolyticus in laboratory growth conditions, while ChiRP is

regulated in V. cholerae by the presence of GlcNAc in these same conditions [84].

Decreased attachment is observed in mutants unable to produce both ChiRP and

the MSHA pilus, implicating both pili in the colonization of chitinous surfaces

in the environment and for biofilm formation [84]. Because the MSHA pilus is

expressed in the absence of chitin, Shime-Hatorri and colleagues posit that MSHA

may be involved in the initial attachment of V. parahaemolyticus to chitinous

surfaces, followed by the upregulation and biosynthesis of ChiRP, allowing for

more robust attachment to chitinous surfaces [84].

While these structures clearly aid in the adherence to surfaces in the

environment, the MSHA pilus has also been implicated in colonization of

the host intestine in V. parahaemolyticus. V. parahaemolyticus generates

MSHA-dependent aggregates on glass coverslips, and an mshA pilin gene null

mutant is reduced for the ability to attach to glass coverslips indicating that it

is involved in surface attachment [84]. In agreement with Shime-Hatorri et

al., O’Boyle and colleagues show that deletion of essential genes involved in the

formation of the MSHA pilus significantly reduces virulence towards Caco-2 cells

in vitro, and drives a 60% decrease in cellular adherence [152]. In the same study,
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O’Boyle et al. show that the MSHA pilus has lectin like features, binding to a

number of cell associated molecules like blood groups A and B, oligosaccharide

antigens Lewis A and X, as well as lacto-N-fucopentaose I, asialo-GM1 ganglioside,

and lacto-N-difucohexaose I [152].

Another example of environmental chitin attachment facilitating colonization

inmammalian hosts is the secreted proteinGbpA,which interactswithGlcNAc and

intestinal mucin in vitro [85, 86]. A gbpA null mutant is deficient for colonization

and virulence in a mouse model in V. cholerae, and shares 70% sequence identity

with the V. paraheamolyticus GbpA protein, suggesting that it may be involved in

V. parahaemolyticus infection as well [28, 169]. Indeed, GbpA is activated upon

surface-sensing in V. parahaemolyticus [170, 171].

Othermolecules generated byV. parahaemolyticus also aid in adherence, such

as multivalent adhesion molecules (MAM), which are used directly for adherence

to mammalian cells [172]. MAM proteins have either six mammalian cell entry

(mce) domains (MAM6) or sevenmce domains (MAM7) and are found exclusively

in gram-negative pathogens. V. parahaemolyticus encodes a MAM7 protein

which is involved in attachment to HeLa and Caco-2 epithelial cells, RAW264.7

macrophages, and 3T3 fibroblasts in vitro [153]. MAM7 null mutants were

also unable to generate infection phenotypes comparable to the RIMD2210633

wildtype strain in C. elegans infections [172]. MAM7 in V. parahaemolyticus

facilitates both protein-protein adhesion (MAM7-fibronectin) and protein-lipid

adhesion (MAM7-phosphatidic acid) as well as tight adherence to host cells.

V. parahaemolyticus also encodes two T6SSs which are located each on their

respective chromosomes – T6SS-1 on chromosome 1 and T6SS-2 on chromosome

2 (See Section 1.2.4 Type VI Secretion Systems). Both T6SS-1 and T6SS-2 have

been implicated in adherence to HeLa cell monolayers by the deletion of T6SS-1

and T6SS-2 core genes icmF1, icmF2, hcp1, and hcp2 and can be complemented

by reintroduction of these genes in trans [154]. While both T6SS-1 and T6SS-2
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seem to be important for adhesion to HeLa cells, only T6SS-2 was necessary for

adherence to Caco-2 cells, where deletion of icmF1 and hcp1 did not impact cell

adherence. The mechanism through which T6SS-1 and T6SS-2 adhere to cells

in vitro remains unclear [173], although T6SS-2 has been linked to autophagy in

macrophages and therefore clearly interacts with host cells [174].

Many of the systems that V. parahaemolyticus uses for adherence and

colonization in hosts are regulated by quorum sensing. Indeed, deletions of

important quorum sensing regulators luxO and aphA, as well as overexpression

of a quorum sensing master regulator opaR, significantly reduced V.

parahaemolyticus colonization in animal models [175]. While this study

indicates direct changes in V. parahaemolyticus metabolism in these null

mutants which likely contribute to decreased fitness in a host, many other studies

have shown more directly that quorum sensing is involved in the regulation of

the MSHA pilus, capsular polysaccharide production, GpbA expression, and

T6SS regulation [176–180]. For examples, GbpA protein expression is modulated

by quorum sensing, where GbpA expression and secretion can be detected

during low-cell density, but not at high-cell density [177]. A ΔhapR strain of V.

cholerae, which cannot integrate the quorum-sensing signals and act to regulate

quorum-sensing regulated genes, maintains high levels of secreted GbpA in the

culture supernatant [177, 181]. While the expression of GbpA is constant in Vibrio

cholerae in laboratory conditions, the decrease of secreted GbpA in the culture

supernatant is due to the expression of a HapR regulated protease which degrades

GbpA at high cell density [169].

1.2.2 Toxins and Hemolysins

V. parahaemolyticus encodes a number of toxin and hemolysin proteins which

contribute to its pathogenesis in both humans and shrimp. While toxins

PirA/PirB, thermostable direct hemolysin (TDH) and TDH-related hemolysin



21

(TRH) are probably the most relevant and important toxins for infection, V.

parahaemolyticus also encodes a thermolabile hemolysin (TLH), as well as a

number of collagenases and proteases [182–184]. Further, in vitro studies showed

that V. parahaemolyticus cells can invade and survive intracellularly, and require

a secreted toxin/lipase VPA0226 for egress from host cells [185].

Acute Hepatopancreatic Necrosis Disease (AHPND) occurs in moribund

shrimp and causes significant economic loss after infection spreads in an

aquaculture environment [112]. Early accounts showed that while sloughing of

hepatopancreas cells was associated with AHPND, bacteria were not found in the

lesions, suggesting that a secreted toxin was the culprit. V. parahaemolyticus

strains that contain a virulence plasmid named pVA1were eventually discovered to

cause AHPND [112]. The plasmid is 63-70kb in size, and encodes homologs of the

Photorhabdus insect-related toxins PirAVp andPirBVp [113]. Injection ofmoribund

shrimp with recombinant PirBVp alone was not sufficient to cause AHPND-like

histology, however introduction of PirBVp and PirABVp heterodimers induced

histological changes consistent with AHPND, with PirABVp heterodimers driving

the most severe change in histology. When fed per os, neither protein alone drove

significant histological changes, but in combination induced AHPND-like changes

in histology, implicating both PirAVp and PirBVp as necessary for naturally occuring

AHPND [113]. Curing of pVA1 in infectious strains of V. parahaemoylticus

abolished their ability to cause AHPND, further implicating the pVA1 plasmid

and PirABVp as the virulence factors necessary for AHPND. Crystal structures of

PirAVp and PirBVp resemble those of the Bacillus thuringiensis crystal insecticidal

(Cry) toxin, and therefore likely function in a similar fashion where PirAVp

forms pores in membranes, while PirBVp is involved in receptor binding [113].

Further, a more recent study identified two aminopeptidases called LvAPN1 and

LvAPN2 which are expressed by V. parahaemolyticus-challenged L. vannamei

hemocytes. Importantly, PirABVp appears to interact with LvAPN1 to gain access
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to hemocytes and drive hemocyte destruction [186]. While previous work with

PirABVp identified that it damaged stomach and hepatopancreatic cells, it also

appears that it may have a direct affect on hemocytes via LvAPN1 [113, 187].

Human pathogenic strains of V. parahaemolyticus carrying the VpPAI

pathogenicity island encode two copies of the TDHgene (tdhA and tdhS), as well as

a non-VpPAI encoded TDH-related hemolysin (TRH) [139, 183]. TDH is primarily

responsible for a hemolytic ring on blood agar plates in particular conditions,

known as the Kanagawa phenomenon [184, 188]. TDH forms tetramers and

generates 2nm pores in the membranes of erythrocytes in a mechanism that is not

dependent on lipid rafts, although the cytotoxicity seen in TDH against nucleated

cells appears to be dependent on sphingomylin and lipid rafts [183, 189, 190]. TRH

shares 63% sequence similarity with TDH and forms tetramers like TDH [191].

TRH also has hemolytic activity in vitro, although its role during infection remains

unclear. Importantly, while these toxins contribute to fluid accumulation and

enterotoxicity, and are expressed during infection, strains with genetic deletions of

these toxin genes still generate significant cytotoxicity against HeLa cells and drive

enterotoxicity in a rabbit ileal loopmodel of infection [192–195]. This suggests that

while they contribute to pathogenesis, other factors are essential for cytotoxicity

and enterotoxicity.

1.2.3 The Type II Secretion System

Type II Secretion systems resemble the structure of Type IV pili, using a similar

secretion apparatus to push target proteins into the extracellular spaces. Type

II secretion systems are generally used by bacteria to secrete large exoproteins

like chitinases, cellulases, collagenases, and proteases that contribute to biofilm

formation and extracellular polymer degradation [196, 197]. Exotoxins, such as

cholera toxin from V. cholerae [198], and hemolysins are also often targeted for

Type II secretion.
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Type II Secretion systems (T2SS) can be divided into three complexes. The

outer membrane complex is comprised of GspD multimeric pores and the GspS

pilotin, while the inner membrane complex is comprised of GspC, GspF, GspL,

and GspM proteins, as well as the cytoplasmic ATPase GspE [199, 200]. The inner

membrane complex is also known as the assembly platform (AP). The pseudopilus

structure comprises the third complex and is comprised of the major pseudopilin

GspG, and a number of minor psuedopilins (GspH, GspI, GspJ, and GspK) [200].

A peptidase, GspO, processes the psuedopilins intomature form to be incorporated

into the growing pseudopilus structure by GspE [201, 202]. Generally T2SS genes

are structured into a single operon from gspA-O, although variations are common

and not all gspA-O genes are found in all bacteria. Indeed the number of essential

genes for T2SS expression varies from 12 - 15 [196]. gspS may be co-located with

the other T2SS genes on the chromosome, or elsewhere [203].

The T2SS spans the periplasm and both membranes to push proteins into the

extracellular space. The Lol machinery is involved in secretion of GspD and GspS

subunits into the periplasm, where the GspS pilotin aids in the insertion of GspD

subunits into the outer membrane [200, 204, 205]. The AP, the psuedopilus,

and a cytoplasmic ATPase make up the rest of the components and localize at

the inner membrane [200]. GspCFLM span the inner membrane, and generate

a secretion platform that interacts with the ATPase GspE in the cytoplasm. It is

unclear how this complex forms in the innermembrane, but it is suggested that the

outer membrane complex aids in this insertion of GspC and GspM, as they form

florescent foci in V. cholerae only in the presence of the outer membrane complex

[206]. Finally the ATPase GspE, in combination with pseudopilins (GspGHIJK)

and the prepilin protease (GspO) assemble the pseudopilus at the innermembrane

complex.

Proteins targeted to be secreted by the Type II Secretion system carry an

N-terminal signal sequence that targets them to be secreted into the periplasm



24

by the SecYEG or Tat complexes [207–209]. How exactly substrates are loaded

into the secretion system remains unclear, however it appears that interactions

with GspC and GspD are necessary for substrate loading [209, 210]. Finally, the

ATPase is stimulated to assemble the pseudopilus and push the secreted protein

out of the cell through the outer membrane complex [211, 212].

In V. parahaemolyticus, TDH carries an N-terminal secretion signal for

secretion using the Sec translocon followed by type II secretion [184, 213]. Further,

the lipase (VPA0226) necessary for intracellular egress in vitro is also secreted

via the T2SS and Sec pathways. Finally, GbpA is also targeted for Type II

Secretion [86]. Presumably, a number of other unidentified/uncharacterized

proteases and mucin degrading enzymes are also secreted through the T2SS in V.

parahaemolyticus [197].

1.2.4 The Type VI Secretion Systems

Type VI secretion systems are unique bacterial protein secretion machines which

resemble molecular spears and deliver effector proteins directly into target cells,

most notably other bacteria [214, 215]. These secretion systems contribute to

virulence by aiding colonization of host intestinal tracts, by competing out the

host microbiome, or by directly injecting effector proteins into eukaryotic cells to

change host cell biology [214]. In some cases, this change in host cell biology can

actually impact the microbiome, as seen in V. cholerae, where T6SS expressing

cells drive an increase in peristalsis in zebrafish, functioning to expel host gut

symbionts to allow V. cholerae colonization [216].

The T6SS resembles a Myoviridae phage tail, which is inserted into the

gram-negative inner membrane and acts like a microbial spear, contracting to

push effector proteins through the membrane of neighbouring cells [217]. The

contractile machinery is made up of a minimum set of 13 proteins, a membrane

complex (MC), a baseplate (BP), and the tail-tip complex (TTC) [214]. The



25

membrane complex consists of three proteins, two integral membrane protein

TssM and TssL, and an outer membrane lipoprotein TssJ [218, 219]. TssJ aids

in the assembly of the inner membrane complex [220]. Together, TssJLM form a

pore in the inner and outer membrane, span the periplasm, and provide a channel

for the rest of the contractile machinery. Following, the MC recruits a number

of baseplate proteins TssA, TssE, TssF, TssG, TssK, and Valine-glycine repeat

protein G (VgrG) to act as a platform for the assembly of the TTC [221, 222].

The TTC is primarily made up of Hemolysin-coregulated protein (Hcp) which

form stacked hexameric rings, followed by the assembly of the contractile sheath

made up of TssB and TssC, which enclose the Hcp hexamers [221, 223]. However,

how Hcp contraction and secretion of the VgrG tip protein occurs is still unclear,

although TssB and TssC inter-subunit interactions appear to be essential in this

contraction process [224]. Upon contraction, a AAA+ ATPase ClpV recognition

motif is accessible in TssC, permitting disassembly and sheath recycling by ClpV

[225, 226].

VgrG is a trimeric protein which forms the tip of the contractilemachinery. The

VgrG trimer is sometimes capped by a Pro-Ala-Ala-Arg (PAAR)-repeat containing

protein which sharpens the tip and presumably enhances the ability of VgrG, and

the contractile machinery, to pierce the target cell [227]. Effectors can either be

extensions of the structural components of the T6SS inner tube, or may interact

directly with the VgrG or Hcp, occasionally with the help of accessory proteins

[222]. These effectors belong to a few major classes: Type six amidase effectors

(Tae), Type six glycoside effectors (Tge), Type six DNase effectors (Tde) and Type

six lipase effectors (Tle) [228–231]. These effectors target peptidoglycan (Tae

and Tge), have nuclease activity (Tde), and disrupt membrane stability (Tle).

Bacteria which encode these toxic effectors also encode immunity proteins to

protect themselves from damage prior to the secretion of these effectors [222].

Importantly, structural proteins can have their own effector functions, for example
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some VgrG proteins cross-link actin [232].

V. parahaemolyticus encodes two T6SS’s each found on a different

chromosome. T6SS-1 is encoded on chromosome 1 and is primarily found

in clinical isolates, while T6SS-2 is encoded on chromosome 2 and is found

in many strains of V. parahaemolyticus – suggesting T6SS-2 has an ancestral

origin, while T6SS-1 was likely more recently acquired [154]. T6SS-1 is activated

in marine conditions (high salt, 23°C or 30°C), while T6SS-2 is located on

chromosome 2 and is differentially regulated, expressed at 23°C, 30°C, and 37°C

in low salt condition [233]. Here it is suggested that T6SS-2 functions inside

the host, perhaps during infection, and T6SS-1 is involved in environmental

fitness, especially in warmer waters [233]. Indeed VgrG2 of T6SS-2 in V.

parahaemolyticus induces autophagy in macrophages and both secretion systems

appear to promote cell-adhesion to monolayers in vitro [154, 174]. T6SS-1 is also

found in all strains that cause AHPND in shrimp, suggesting that T6SS-1 confers

a fitness advantage [234].

1.2.5 The Two Type III Secretion Systems

Type III Secretion Systems (T3SS) are highly sophisticated and well-studied

protein secretion systems [235, 236]. T3SS structure resembles amolecular needle

which transverses three biological membranes, both bacterial membranes and the

host cell membrane to directly deliver effector proteins into host cells, to various

effect [237]. These nanomachines are found widely-distributed in gram-negative

bacteria – including a variety of human pathogenic E. coli, Salmonella, Shigella,

Yersinia, Pseudomonas, and Vibrio species – and generally target conserved

cellular processes like cytoskeletal structure, host immune responses, signal

transduction, and vesicle transport [238]. Some intracellular pathogens like

Salmonella and Shigella, which invade epithelial cells, use T3SS needles to gain

entry to host cells, modifying cytoskeletal structure to induce membrane ruffling
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and internalization, followed by the secretion of factors to escape the vacuole

and enter the cytosol, as well as evade host immune responses [239]. Similarly,

primarily extracellular pathogens like Vibrio, Yersinia, Psuedomonas and E. coli

pathogens deliver effector proteins to alter host cell biology, generally bymodifying

host cell cytoskeletal structure and interrupting host immune responses [240].

T3SSs are composed of greater than 20 proteins, which comprise a inner and

outer membrane pore, a cytoplasmic ring and ATPase export complex, a needle

filament, and a needle tip and translocon pore (Table 1.1) [241]. Secreted proteins

are called effectors as they cause changes to host cell biology to aid in the survival,

invasion, and persistence in a host [240]. Here, when describing the structure

of the T3SS, I will use the unified secretion and cellular translocation (Sct)

nomenclature first proposed in 1998 and later expanded to provide an overview

of the common T3SS structure [242, 243]. Fortunately, Vibrio nomenclature

follows the proposed universal nomenclature closely, and so both are presented

here (Table 1.1, Figure 1.2) [244]. The basal body structure of the needle apparatus

spans both bacterial membranes and the periplasm, and is composed of outer

membrane (SctC), inner membrane (SctJ) and periplasmic (SctD) rings (Figure

1.2) [238]. A pilotin protein is involved in membrane insertion and assembly of

the ring components, and lytic transglycosylase enzymes are encoded to disrupt

peptidoglycan to aid assembly of the structure [245]. The basal body also includes

the needle filament composed of the inner rod (SctI) protein and the needle protein

(SctF), both of which form polymeric helical structures. The export apparatus,

which is located at the base of the basal body at the inner membrane and acts

as a platform for substrate entry, is composed of inner-membrane components

SctS, SctT, and SctR, as well as the autoprotease SctU and the export gate SctV

[243]. The C-ring and ATPase complex, which provides energy for secretion and

acts as a hub for substrate sorting and loading, is composed of the cytoplasmic ring

structure (SctQ) and ATPase components SctN, SctL, SctO, and SctK. SctN is the
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Universal
Nomenclature Function T3SS-1

Nomenclature
T3SS-2

Nomenclature
SctC OM Ring VscCI (VP1696) VscC2 (VPA1339)
SctD Periplasmic Ring VscD1 (VP1695) –
SctJ IM Ring VscJ1 (VP1690) VscJ2 (VPA1367)
- Pilotin ExsB? (VP1700) –
SctS Export Component VscS1 (VP1673) VscS2 (VPA1335)
SctT Export Component VscT1 (VP1674) VscT2 (VPA1341)
SctR Export Component VscR1 (VP1672) VscR2 (VPA1342)
SctU Autoprotease VscU1 (VP1675) VscU2 (VPA1354)
SctV Export Gate VscV1 (VP1662) VscV2 (VPA1355)
SctQ Cytoplasmic Ring VscQ1 (VP1671) VscQ2 (VPA1349)
SctN ATPase VscN1 (VP1668) VscN2 (VPA1338)
SctK ATPase Co-Factor VscK1 (Vp1698) –
SctL Stator VscL1 (VP1688) –
SctO Stalk VscO1 (VP1669) –

SctP Needle-length
Regulator VscP1 (Vp1670) –

SctI Inner Rod VscI1 (VP1691) –
SctF Needle VscF1 (VP1696) –
SctW Switch Regulator VscW1 (VP1667) –
SctE Translocon Pore VopD1 (VP1656) VopD2 (VPA1361)
SctB Translocon Pore VopB1 (VP1657) VopB2 (VPA1362)
SctA Needle Tip VscA1 (VP1659) VopW (VPA1345)

Table 1.1: T3SS-1 and T3SS-2 Structural Components. Dashes indicate proteins
yet to be identified, ? indicates an unclear role in type III secretion. Table modified
from Matsuda et al. [244].
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Figure 1.2: Universal T3SS Core Structure. Universal nomenclature is used
to show the core structure of the Type III Secretion System. Labels are
shown for membranes, and protein components are labelled with their universal
nomenclature proteins as well as their function [242, 243].
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ATPase, SctL is the stator protein, SctO is a stalk protein, and SctK is an ATPase

co-factor which together make up the ATPase complex. Finally, the needle

tip protein (SctA) and translocator proteins (SctB and SctE) bridge the needle

apparatus and the host cell (Figure 1.2). Two additional protein regulators,

SctP and SctW regulate the needle length and substrate switching between

middle (translocators) and late (effector) secretion, respectively [238, 246, 247].

Taken together, these proteins form a multi-megadalton nanomachine which

capture effector proteins at the cytoplasmic ring, secrete them via the ATPase

complex into the needle lumen contained by multiple membrane rings, to directly

secrete effectors into host cells through the needle tip and translocon proteins

(Figure 1.2) [248]. Cryoelectron microscopy (cryo-EM) – in particular two

techniques called single-particle analysis (SPA) and cryoelectron tomography

(cryoET) has generated significant advances in the resolution and visualization

of these structures – and has resolved much of the needle apparatus in bacterial

membranes [237, 249, 250].

Most Vibrio spp. encode a T3SS, while V. parahaemolyticus encodes two

T3SSs, one on each chromosome 1 and chromosome 2. These two secretion

systems, T3SS-1 and T3SS-2 named for the chromosome they are found on,

are implicated in different functions, namely host cell cytotoxicity and intestinal

enterotoxicity respectively [251, 252]. The structural proteins of T3SS-1 are

conserved across a number of different Vibrio spp., and are well characterized,

while the structural components of T3SS-2 remains only partially characterized

(see Table 1.1). Notably, the structures of the needle (SctF/VscF2), IM ring

(SctD/VscD2), inner rod (SctI/VscI2), and the gate keeper protein (SctW/VscW2),

as well as 3 proteins in the ATPase complex (SctLOP/VscLOP2), remain elusive

[244]. Further, T3SS-2 is located on a pathogenecity island (VpPAI), where a

number of genes – more than half – remain uncharacterized.

As noted, T3SS-2 causes enterotoxicity in hosts, andhas been linked to invasion
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of host cells in vitro [251–253]. Importantly, studying T3SS-2 against human

cell culture in vitro requires the deactivation of T3SS-1, as the rapid host cell

cytotoxicity caused by this strain makes it difficult to study T3SS-2 function alone

[194, 254]. Identified secreted proteins fromT3SS-2 include VopA/P, VopL, VopT,

VopV, VopC, VopZ, VopO and VPA1380 (Table 1.2) [252, 254–262]. VopA/P

inhibits the mitogen-activated protein kinase (MAPK) pathway in host cells to

evade immune responses [256]. This is unique from the similar effector YopJ

in Yersinia spp., which inhibits both MAPK and NFkB signalling pathways [139].

VopA/P functions as an acetylase which acetylates MAPK kinases and IKKβ in

essential residues for phosphorylation, which in turn prevent their activation from

upstream kinases [256]. VopV, VopC, VopL, and VopO all impact cytoskeletal

structure through different mechanisms. First, VopV binds to the polymer form of

actin (F-actin) and is the primary driver of enterotoxicity and fluid accumulation

in the rabbit ileal loop model of infection [263]. Further, VopC appears to

be the effector essential for the internalization of V. parahaemolyticus cells as

seen in cell culture [254]. VopC deamidates glutamine 61 in CDC42 and Rac –

two Rho-GTPases essential for cytoskeletal structuring – generating membrane

ruffles which internalize V. parahaemolyticus cells [254, 264, 265]. Also, VopL

modulates cytoskeletal structure by binding to actin monomers and encouraging

the formation of polymerized actin fibers [258]. Wang et al. suggest that VopL

may also enhance the uptake and invasion of host cells by V. parahaemolyticus

by generating a favourable microenvironment for growth [255]. However, the role

of intracellular infection by V. parahaemolyticus in vivo remains unclear. VopL

is also involved in inhibiting the host ROS response, again aiding in the survival

of intracellular V. parahaemolyticus [266]. Finally, VopO interacts with GEF-H1

(a RhoA guanine nucleotide exchange factor or GEF) which, through mechanisms

which are still not completely resolved, activates the RhoA-ROCK pathways and

induces stress fibre formation in host cells. Two additional effectors, VopZ and
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VPA1380, have attributable phenotypes, but their mechanisms remain unclear.

VopZ causes fluid accumulation, and epithelial damage and shedding by inhibiting

the activation of the TAK1 kinase, and by extension both the MAPK and NFkB

pathways [262]. VPA1380 is an inositol hexakisphosphate (IP6) cysteine protease

that drives toxicity in yeast cells, but is not toxic in cells which lack IP6 [253,

260, 263]. Importantly, other large Vibrio toxins often contain IP6 domains,

although the exact function of VPA1380 remains unknown [267]. Taken together,

T3SS-2 effectors drive enterotoxicity, actin rearrangement, fluid accumulation,

and dampen innate immune responses.

Conversely, T3SS-1 causes host cell cytotoxicity in cell culture, and does so

rapidly in 4 hours at a low multiplicity of infection (MOI) [251, 268, 269].

Functional protein secretion studies from our lab and others have identified a

significant portion of the T3SS-1 secreted proteins including VscA1 (also known

as VcrV), VopQ, VopB, VopS, VopD, VscW1 (also known as VopN), and VPA0450

[268, 270]. VscA1 is the needle tip protein, VscW1 is the switch regulator,

while VopB and VopD are translocators [244, 270, 271]. Two particularly potent

effectors, VopQ (also known as VepA) and VPA0450, drive oncosis andmembrane

blebbing, respectively (Table 1.2) [270, 272–277]. VopQ causes oncosis of the

host cell through interaction with the V0 subunit of the lysosomal H+ V-ATPase,

and causes the lysis of lysosomes and the spilling of the acidic and proteolytic

contents into the cytosol, leading to rapid cell death [273]. VopQ also increases

autophagy and activates JNK, ERK, p38 innate immunemolecules [274, 275, 278].

Further, VPA0450 has inositol polyphosphate 5-phosphatase activity and cleaves

phospholipid phosphatidylinositol (4,5)-bisphosphate (PIP2) to D5 phosphate at

the plasma membrane, and disrupts binding of the cytoskeleton to the plasma

membrane, leading to membrane blebbing [276]. Other accessory effector

proteins include VopS and VopR. VopS encodes an AMPylase which AMPylates

host Rho GTPases and mediates actin rearrangement, which causes cell rounding
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and allows the bacteria to escape phagocytosis of infected cells by macrophages

[279, 280]. VopR contains a phosphoinositide-binding domain (BPD) similar to

VPA0450, and therefore localizes to the plasma membrane where its binding to

PIP2 induces its folding in the host cell. Although the function of VopR is less

clear, it may help refold effectors after their secretion into host cells [255].

T3SS-2 is considered to have been acquired more recently, while T3SS-1 is

an ancestral secretion system as determined by GC% content from sequence

analysis [139, 251]. TheVpPAI that contains T3SS-2 contains the secretion system,

as well as two copies of a thermodirect hemolysin (TDH), tdhA and tdhS, two

hemolytic toxins commonly associated with virulence in V. parahaemolyticus

[251]. Genetic comparisons of the V. parahaemolyticus environmental and

clinical isolates indicate that T3SS-2 is commonly present in clinical isolates [281].

T3SS-2 is also linked to colonization of the mammalian intestine by a number

of studies, including a whole genome survey using transposon sequencing [282,

283]. Intriguingly, T3SS-2 has also been implicated in the invasion of cells in tissue

culture by V. parahaemolyticus, although the importance of this in animal models

has not been established [239, 254, 266]. While T3SS-2 is generally considered

a necessary pathogenecity determinant for V. parahaemolyticus gastrointestinal

disease, T3SS-2 has also been implicated in the defense against predation by a

number of marine protists [284]. Conversely, the function of T3SS-1 remains

somewhat elusive although it is quite clear that T3SS-1 encodes potent effector

proteins that target conserved cellular processes and can lead to rapid cell death

in vitro, in many cell lines [251, 268]. A coordinated infectious effort, first by

T3SS-2 to promote colonization and enterotoxicity, followed by further invasion

and expression of T3SS-1, has been proposed, but remains understudied, in part

due to the lack of mammalian models which adequately replicate human infection

[193].
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1.3 T3SS Gene Regulation in V. parahaemolyticus

T3SS-1 and T3SS-2 expression paradigms are divergent, with different regulatory

circuits acting to drive expression of the machinery. However, both of these

systems are repressed by a common gene repressor, histone-like nucleoid

structuring protein or H-NS.

T3SS-2 is primarily activated by two ToxR-like transcriptional regulators

VtrA (VPA1332) and VtrB (VPA1348) [285]. In line with the known role for

T3SS-2 in enterotoxicity, VtrA, along with another protein VtrC (VPA1333),

drive this activation of VpPAI genes through the sensing of bile acid in the

environment and in turn activate the VpPAImaster-transcriptional regulator VtrB

[192, 286]. Bile acids are important mediators of digestion and are readily found

in the small intestine where V. parahaemolyticus deploys T3SS-2 to generate

enterotoxicity. VtrA and VtrC form an inner membrane-bound heterodimer

which binds taurodeoxycholate and glycodeoxycholate bile acid components, but

not chenodeoxycholate or cholate, in a primarily hydrophobic cleft of the VtrC

β-barrel [286]. A model has been proposed where the DNA-binding domain

of VtrA is activated by the binding of bile salt components to VtrAC, which

in turn allows VtrA to activate the expression of vtrB, which then drives the

expression of VpPAI genes including T3SS-2 [285, 286]. Interestingly, the VtrABC

system has similarities with other regulatory circuits in Vibrio spp., where the

dimerization of ToxR/ToxS and TcpP/TcpH is enhanced in the presence of bile

acid by disulfide-bond formation in Vibrio cholerae [287, 288]. Finally, a screen

of transposon mutants in mammalian intestinal colonization identified that ToxR

augments the activity of VtrA, allowing for the expression of vtrB, through an as

yet unknown mechanism [283].

T3SS-1 follows a divergent regulatory paradigm. Decreased calcium

concentration and increased magnesium concentrations contribute to the
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activation of this secretion system in a variety of studies (Figure 1.3A) [268, 269,

289–291]. In our lab, we simulate these condition through the addition of Mg2+

ions, and remove calcium from the growth media by chelation with EGTA [268].

Host-cell contact has also been shown to induce T3SS activity in P. aeruoginosa

and V. parahaemolytiucs, although the mechanism through which this occurs is

unknown (Figure 1.3A) [171, 292–294]. Through a signal transduction cascade

which is also not resolved, these conditions drive the expression of an AraC-family

master transcription regulator for T3SS-1 called ExsA [289, 290, 295, 296].

Importantly, the ExsA protein drives the expression of over 20 genes involved in

the biosynthesis of T3SS-1 [297]. ExsA in V. parahaemolyticus is homologous to

ExsA found in P. aeruginosa which controls an analogous T3SS [298–301].

Following genetic activation of exsA, the gene is auto-regulatory – a common

feature of AraC-type regulators – and when expressed, two ExsA proteins bind to

a tri-partite DNA motif which contains the following elements: TTTAGN4TT, a

downstream A-box, and a downstream GC-box (Figure 1.3A) [290]. ExsA from V.

parahaemolyticus can complement P. aeruginosa exsA null mutants, indicating

that the binding motifs must have similar elements [302]. Indeed, previous

studies have identified the TTTAGN4TT, as well as the importance of the A-box

and GC-box in both V. parahaemolyticus and P. aeruginosa, respectively [296,

303]. This tri-partite binding motif is also found at regulatory sites for the ExsA

regulon and serves as a conserved binding site for this protein [290]. While exsA is

auto-regulatory, it is also repressed via quorum-sensing through the binding of the

quorum-sensing master regulator OpaR (Figure 1.3A) [304]. At high cell density,

OpaR is highly expressed, and in turn, exsA is repressed by OpaR binding to sites

upstream of the exsA gene.
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Following ExsA expression, additional protein factors ExsDCE interact with

ExsA either directly or indirectly to control its activation of T3SS-1 (Figure 1.3B)

[296, 305]. Here, ExsD acts as an anti-activator and binds ExsA to prevent it from

bindingDNA and activating gene operons involved in T3SS-1 biosynthesis. ExsC is

an anti-anti-activator protein which binds to ExsD and prevent’s ExsD interaction

with ExsA, and in turn allowsExsA to interact withDNAand activate T3SS-1 genes.

Further, ExsE interacts with ExsC, preventing the anti-anti-activator interaction

with ExsD, allowing for anti-activation of ExsA. When T3SS-1 machinery is

generated upon inducing conditions, ExsE is secreted out of the cell through the

T3SS, allowing ExsC to sequester ExsD, thereby freeing ExsA to activate its regulon

(Figure 1.3B) [301, 305, 306]. This complex protein-protein regulatory system is

regulated by similar conditions as the T3SS itself, as ExsE is secreted from the cell

by low extracellular calcium [301, 306].

Many studies have identifiedH-NS independently as involved in the repression

of virulence genes in V. parahaemolyticus, including T3SS-1, T3SS-2 and tdh,

T6SS-1, T6SS-2 [269, 307, 308]. H-NS is referred to as a genome sentinel, as it

has a known function of binding to and preventing the expression of horizontally

acquired DNA, of which virulence genes often are [307, 309–312]. Evolutionarily,

this is an important function for bacteria to have, as horizontally acquired DNA

may contain toxins or incompatible proteins which could disrupt fitness or kill the

cell.

H-NS binds to AT-rich high-affinity binding sites, and nucleates from those

regions creating large regions of H-NS-DNA complexes [313]. These nucleated

regions of DNA can bridge with one another, condensing the nucleoid and

supercoiling the DNA [314]. H-NS is thought to prevent transcription in these

regions by either trappingRNApolymerase in bridged or foldedDNAor preventing

RNA polymerase from binding to its recognition sequences by steric hinderance

[315]. In H-NS-bridged DNA regions, both transcription elongation and initiation
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would be blocked, while in nucleated regions that are unbridged, RNA polymerase

may be able to continue transcription elongation that began elsewhere, but could

not initiate transcription at sites of promoter coverage byH-NS [315, 316]. Further,

H-NS pausing or slowing of RNA polymerase at bridged regions may aid in

Rho-dependent termination [316]. Importantly, Mg2+ concentrations appear

to disrupt H-NS bridging, and promote H-NS filamentation on the DNA helix

[317]. Interestingly, increased Mg2+ concentration appears to enhance T3SS-1

expression, consistent with the observation that Mg2+ concentration can modify

H-NS filamentation on DNA [268].

A common paradigm for removing H-NS repression is the expression of

de-repressor proteins. Bacteria appear to have evolved de-repressionmechanisms

to remove H-NS repression of genes that confer fitness advantages [318] Global

studies of the LuxR quorum-sensing master regulator in V. harveyi, for example,

identified that LuxR is only necessary in the presence of H-NS, and that it is

sufficient to remove H-NS from promoter DNA in vitro [319]. Similarly, H-NS

silences many genes in the ToxR regulon of V. cholerae, and ToxR antagonizes

this interaction, removing H-NS from DNA [320, 321]. Importantly, ToxR is also

unnecessary for activation of virulence genes inV. cholerae in the absence ofH-NS,

highlighting its role as a de-repressor like LuxR [321]. HlyU also de-represses a

number of hemolysin genes in a variety of Vibrio spp., presumably by disrupting

H-NS binding and repression [322]. How exactly these de-repressing regulators

remove H-NS from DNA remains unclear. While H-NS binding sites sometimes

overlaps directly with the de-repressor binding site, this is not consistently the

case, and the distance between some H-NS binding sites and de-repressor DNA

binding sites suggests that it may be more complicated than simply competitive

binding or steric-hinderance interaction between H-NS and the de-repressor

protein [323, 324]. For example, while HlyU regulation of the vvhBA toxin genes

in V. vulnificus overlaps the H-NS binding site, suggesting a competitive binding
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interaction between repressor and de-repressor, the HlyU binding site at the vah1

toxin gene does not overlap [322, 325–328] Further, changes in DNA topology

and superstructure have been linked to removal of gene repression by H-NS in

the case of virF and proU expression in S. flexneri [329–331]. In the absence

of competitive binding or steric hinderance, gene de-repressor regulators could

modify DNA topology to de-repress H-NS, although this remains underexplored

[318].

1.4 Rationale and Hypotheses

V. parahaemolyticus infects and causes disease in agriculturally important

organisms and is also the cause of a pandemic diarrheal disease. V.

parahaemolyticus, and in fact most Vibrio spp. serve important ecological

roles in the environment. Understanding how these organisms interact with the

environment, translate those environmental cues into changes in cell structure

and function, and cause disease in their hosts is important to mitigate damage

and predict future outcomes. With the dramatic changes expected to occur to

the world’s oceans due to anthropogenic climate change, enabling the prediction

of future outcomes is ever prescient. In this thesis, I explore the biology of

V. parahaemolyticus from a few perspectives that are central to many of its

environmental interactions, and its interactions with human hosts. I begin by

exploring T3SS-1 activation by previously established conditions, in an effort

to connect environmental sensing to exsA activation. Following, I explore the

sugar catabolism regulator NagC, and its related regulator Mlc, for connections

between environmental sugar sensing and other Vibrio phenotypes like Type III

andTypeVI secretion, biofilm formation, and swimmingmotility. Finally, I deploy

a whole-genome approach using transposon mutagenesis to identify the genomic

content necessary for growth on chitin in the laboratory environment.
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Given the lack of knowledge surrounding the function of T3SS-1 and how it

aidsV. parahaemolyticus survival and fitness, in Chapter 2we explore howT3SS-1

is activated. Our lab previously found that T3SS-1 biogenesis can be activated in

media containing additional Mg2+ and decreased Ca2+ when the cells are grown

at 30°C [268]. In these conditions, ExsA is expressed and goes on to activate

a number of genes involved in the biogenesis of the T3SS-1. While ExsA itself

is controlled by a known protein cascade involving ExsCDE, as well as through

auto-regulation and repression from H-NS and OpaR, the mechanism through

which the Mg2+/EGTA environmental signal confers exsA activation is unclear.

Therefore, we hypothesized that a protein activator or de-repressor of H-NS can

activate/de-repress exsA following exposure to inducing conditions. I address

this by employing an exsA-luxCDABE transcriptional fusion on chromosome 2

of V. parahaemolyticus RIMD2210633, and subjecting this strain to transposon

mutagenesis to identify genomic regions necessary for activation of exsA in the

Mg2+ condition. In this study, we identify a known transcriptional regulator HlyU,

involved in the expression of hemolysins in a variety of other Vibrio spp., as

essential for the activation of T3SS-1 biogenesis through exsA expression. We

also characterized HlyU binding to DNA at a region containing a DNA palindrome

within the exsA promoter.

Following the identification of HlyU in Chapter 2, and its importance for

expression of the T3SS-1 through exsA de-repression, we sought to better

understand how HlyU interacts with the exsA promoter, and to characterize the

activation paradigm of exsA (Chapter 3). HlyU should interact with the major

groove of theDNAhelix, presumably inducing aDNAbend, according tomolecular

models [332, 333]. However, a DNA-protein co-crystal has not been characterized

to date. Further, HlyU is canonically thought to interact with DNA in such a way

that it removes the repression generated by H-NS. However, it is unclear how this

occurs, given that HlyU binding sites and H-NS binding sites, particularly at the
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exsA promoter, do not overlap directly [269, 307]. In Chapter 3, we hypothesized

thatHlyU binding toDNA, at the palindromic region identified in Chapter 2 aswell

as based on previous literature, disrupts DNA superstructure which in turn leads

to exsA de-repression.

While Chapters 2 and 3 deal with virulence factor activation directly, it remains

clear that these virulence factors are influenced by the ecology of Vibrio spp,

including their important ecological mediator, chitin catabolism. In Chapter

4, to explore how chitin catabolism might influence other cellular functions,

including virulence, I sought to better understand the roles of two sugar catabolism

regulators, NagC and Mlc, in V. parahaemolyticus. In particular, I assayed type

VI secretion, biofilm formation, swimming motility, chitin degradation, and type

III secretion as directed by previous literature on NagC and Mlc.

Finally in Chapter 5, I used our expertise in transposon mutagenesis and tied

it to high-throughput DNA sequencing to characterize the genes genetic necessary

for V. parahaemolyticus growth on colloidal chitin in minimal media. This study

was also not driven by a particular hypothesis, but rather is a discovery-based study

to identify novel factors involved in chitin catabolism in V. parahaemolyticus.

Here, I developed a transposon mutagenesis tool for adequate selection of

high-density transposonmutant libraries and generated a streptomycin resistance

strain of Vibrio parahaemolyticus. Following selection of mutants and growth in

both glucose and colloidal chitin containingminimalmedia, TnSeqwas performed.

This study overlaps with previous work on chitin catabolism and identified many

of the previously identified essential genes. However, this study also identified

novel porin and transcriptional regulator genes, as well as the T2SS as necessary

for growth on colloidal chitin.



Chapter 2

The Transcriptional Regulator HlyU Positively Regulates

Expression of exsA, Leading to Type III Secretion System 1

Activation in Vibrio parahaemolyticus

This work appears in:

Getz, L.J., Thomas, N.A. (2017) The Transcriptional Regulator HlyU Positively

Regulates Expression of exsA, Leading to Type III Secretion System 1 Activation

in Vibrio parahaemolyticus. Journal of Bacteriology, Vol. 200, No. 15. DOI:

10.1128/JB.00653-17.
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2.1 Abstract

Vibrio parahaemolyticus is a marine bacterium that is globally recognized as the

leading cause of seafood-borne gastroenteritis. V. parahaemolyticus uses various

toxins and two type 3 secretion systems (T3SS-1 and T3SS-2) to subvert host cells

during infection. We previously determined that V. parahaemolyticus T3SS-1

activity is upregulated by increasing the expression level of the master regulator

ExsA under specific growth conditions. In this study, we set out to identify V.

parahaemolyticus genes responsible for linking environmental and growth signals

to exsA gene expression. Using transposon mutagenesis in combination with

a sensitive and quantitative luminescence screen, we identify HlyU and H-NS

as two antagonistic regulatory proteins controlling the expression of exsA and,

hence, T3SS-1 in V. parahaemolyticus. Disruption of hns leads to constitutive

unregulated exsA gene expression, consistent with its known role in repressing

exsA transcription. In contrast, genetic disruption of hlyU completely abrogated

exsA expression and T3SS-1 activity. A V. parahaemolyticus hlyU null mutant

was significantly deficient for T3SS-1-mediated host cell death during in vitro

infection. DNA footprinting studies with purified HlyU revealed a 56-bp protected

DNA region within the exsA promoter that contains an inverted repeat sequence.

Genetic evidence suggests that HlyU acts as a derepressor, likely by displacing

H-NS from the exsA promoter, leading to exsA gene expression and appropriately

regulated T3SS-1 activity. Overall, the data implicate HlyU as a critical positive

regulator of V. parahaemolyticus T3SS-1-mediated pathogenesis.

2.2 Introduction

Vibrio parahaemolyticus is a ubiquitous marine bacterium and is a leading

cause of seafood-borne gastroenteritis globally [334]. In brackish estuaries,

these Gram-negative bacteria exist free-living in the water column, within
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marine sediments, and in commensal relationships with many bivalve

shellfish, including oysters [335]. After human consumption of contaminated

shellfish, V. parahaemolyticus can cause vibriosis, leading to nausea, fever,

diarrhea, and occasionally vomiting. Although generally self-limiting, V.

parahaemolyticus causes significant morbidity during foodborne outbreaks

[336]. V. parahaemolyticus environmental isolates frequently exhibit genetic

profiles; however, a clinically relevant pandemic V. parahaemolyticus serotype

(O3:K6) has emerged, being isolated in patients around the world [334, 337].

Additionally, specific V. parahaemolyticus strains that possess a toxin-antitoxin

plasmid have emerged as significant shrimp pathogens, where major economic

losses have occurred in aquaculture industries [113]. Thus, it appears these

marine bacteria continue to evolve and are a serious threat to the seafood industry

and human health.

V. parahaemolyticus virulence factors include hemolysins, toxins, and two

type III secretion systems (T3SS), T3SS-1 and T3SS-2. The T3SS of pathogens

acts as a molecular needle-like structure to deliver bacterial effector proteins into

host cells [238]. Sequence analysis of variousV. parahaemolyticus clinical isolates

has revealed that many contain both T3SSs [139, 338]. T3SS-2 has primarily

been linked to enterotoxicity [263, 339], whereas T3SS-1 has been linked to

cellular disruption and rapid cytotoxicity [270, 276, 279]. Many effectors are

delivered via T3SS-1 into host cells and have targeted actions. VopQ contributes

to rapid cell death during V. parahaemolyticus infection by interacting with

lysosomal H+ V-ATPases, causing lysosomal rupture and release of contents

[273]. Additionally, T3SS-1 effector proteins VopS, VopR, and VPA0450 have

been implicated in immune evasion and actin rearrangement [279, 280]. Other

virulence mechanisms in V. parahaemolyticus include colonization factors (such

as pili) and two type 6 secretion systems (T6SS) that likely aid in killing other

bacteria or acting on macrophages during infection [84, 174, 255].
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Over 40 genes within multiple genetic operons contribute to the formation

of V. parahaemolyticus T3SS-1. The majority of these genes require the master

regulator ExsA for their expression [296]. ExsA and its orthologues in other

bacteria are members of the AraC/XylR family of transcriptional regulators, many

of which are implicated in bacterial pathogenesis mechanisms [340]. In the cases

of Yersinia species (LcrF), Pseudomonas species (ExsA), and enteropathogenic

Escherichia coli (EPEC; GrlA), these regulators have been demonstrated to

activate T3SS-related genes and have been linked to virulence phenotypes [302,

341–343].

ExsA transcriptional activator roles are well documented, although it is not

known how V. parahaemolyticus interprets environmental signals to activate

exsA expression and thus initiate T3SS-1 biogenesis. In this study, we used a

genome-wide transposon mutagenesis approach to identify genetic regulators of

exsA expression. Through the design of a sensitive and quantitative luminescence

screen, we identified a cis-acting genetic switch and implicate HlyU as a critical V.

parahaemolyticus virulence determinant.

2.3 Results

2.3.1 A Sensitive Functional Screen Identifies Genes Linked to exsA

Promoter Activation

We initially generated a recombinant V. parahaemolyticus strain containing a

promoterless bioluminescent reporter cassette (luxCDABE) transcriptionally

fused to the exsA promoter region from V. parahaemolyticus. The

pexsA-luxCDABE fusion was integrated into the tdhS locus of the V.

parahaemolyticus RIMD2210633 genome (see Section 2.5 Materials and

Methods) (Figure 2.1A). We chose the tdhS locus, as TdhS is not required for

T3SS-1 activity [270]. This strain (referred to as the Vp-lux strain) quantitatively
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Figure 2.1: Integration of an exsA promoter-luxCDABE fusion into the
tdhS locus (tdhS::exsA-lux) results in bioluminescence and a normal T3SS-1
secreted protein profile. (A) Schematic representation of the constructed exsA
promoter-luxCDABE fusion inserted within the tdhS chromosomal locus. (B)
Comparison of bioluminescence emitted by the indicated V. parahaemolyticus
strains. Bacteria were cultured under T3SS-1-inducing conditions, sampled after
3 h of growth, and then assessed for light emission. cps/OD, counts per second
divided by optical density (600 nm) of the cell suspension at time of collection.
(C) Total secreted protein profiles of V. parahaemolyticus strains as determined
by SDS-PAGE. Bacteria were grown in LB medium or LB supplemented with
MgSO4 and EGTA (induced [Ind.] for T3SS-1 activity). Labeled protein species
have been previously identified by mass spectrometry analyses in wild-type V.
parahaemolyticus [268]. The smallest protein species visible was not previously
identified, and is therefore unlabelled. M, protein standard.
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reports the activity of the exsA promoter in real time by emitting bioluminescence,

thereby allowing for sensitive in situ measurement of exsA promoter activation

(Figure 2.1B). The strain responded to magnesium and EGTA (T3SS-1-inducing

conditions) by increasing exsA promoter activity as expected (Figure 2.1B). A

T3SS-1 protein secretion assay indicated that the Vp-lux strain secreted effectors

similarly to wild-type V. parahaemolyticus (Figure 2.1C).

Consequently, we employed a conjugative plasmid encoding a hyperactive

transposase and its associated transposon [344] to mutagenize the Vp-lux strain.

An optimized triparental mating approach resulted in the isolation of 4,302

stable transposants at an average transposition frequency of 1 × 10−6. Using a

high-throughput 96-well plate formatted assay, the transposants were screened

for exsA promoter activity via bioluminescence. The Vp-lux strain served as a

reference for defined normal growth and light emission. The screen identified

a spectrum of mutants that exhibited altered bioluminescence levels compared

to those of the parent Vp-lux strain (Figure 2.2). Prior to investigating specific

mutants, they were divided into 4 groups (or quadrants) to facilitate downstream

analyses. This was achieved by establishing categories based on an optical density

at 600 nm (OD600) of 0.4 and a counts per second (cps) value of 1,000 and

produced four quadrants (separate groups), including low-bioluminescence and

normal growth, normal bioluminescence andnormal growth, lowbioluminescence

and low growth, and high bioluminescence and any growth (Figure 2.2).

Mutants that fell into the low-luminescence and normal-growth quadrant were

further subjected to statistical narrowing. Using a binning procedure, mutants

were subdivided into three categories by luminescence emission (measured

in counts per second; low bioluminescence, 0 to 100 cps; low-moderate

bioluminescence, 101 to 300 cps; and moderate bioluminescence, 301 to 1,000

cps). The means and standard deviations for each group were calculated. The

means and standard deviations were calculated as 63.30 ± 10.68, 155.1 ± 22.32,
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and 542.7 ± 126.6, respectively. Six mutants whose cps reading was less than 1

standard deviation below the mean were then selected for further characterization

in the low-bioluminescence group. Within the low-moderate and moderate

bioluminescence groups, 3 and 4 mutants were selected for characterization,

respectively. Lastly, 5 of the most bioluminescent mutants (Figure 2.2, gray

box) were also selected for characterization. Details of the selected mutants

and statistical data are listed in the supplemental material (see Table A.1 in the

supplemental material).

2.3.2 Identification of Genes With Specific Insertional Transposons

that Alter exsA Promoter Activity

Using a genomic DNA marker retrieval protocol, we successfully identified

chromosomal locations of transposition within mutants from the low-moderate

and moderate light-emitting groups. From the low-moderate luminescence group

linked to deficient exsA promoter activity, we mapped transposon insertions

exclusively within vp0529 (Figure 2.3A). Notably, for vp0529, we identified

three isolates with the exact same transposon insertion site. These likely

represent a single clone that generationally expanded during the mutagenesis

procedure or, alternatively, this chromosomal site is favored for transposon

insertion. For the moderate bioluminescence group, we mapped two transposon

insertion mutants, vpa0179 (phoX) and vp1473 (merR operon) (Figure A.1).

Within the high-luminescence group linked to increased exsA promoter activity,

3 independent transposon insertions were mapped near or within vp1133 (hns)

(Figure 2.3B) and one insertionwasmappedwithin vp1633 (rtx toxin) (FigureA.1).

Our initial efforts focused on vp0529 and vp1133, since multiple independent

mutant insertions were isolated from the lux reporter screen for these genes (Fig.

3) and therefore strongly implied a role in exsA regulation. in silico analysis of

vp0529 using NCBI BLAST indicated sequence similarity to HlyU, a DNA
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Figure 2.3: Schematic diagram of transposon insertion sites within selected
genes of interest identified by luminescence screening of the Vp-lux Tn5 mutant
library. The triangles represent approximate transposon insertion sites with
the approximate DNA base location in the V. parahaemolyticus genome (NBCI
accession numbers NC_004603 and NC_004605; I, chromosome I).
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binding protein ofmanyVibrio species that acts as a positive regulator of virulence

genes [345]. vp1133 encodes a histone-like nucleoid-structuring protein (H-NS)

and has previously been implicated in exsA repression [305]. To investigate this

further, an assay that evaluates T3SS-1 protein secretionwas performed. Critically,

a marked decrease in many T3SS-1-dependent proteins was observed for the

Vp0529 Tn5 insertionmutant compared to the Vp-lux parent strain (Figure 2.4A).

In contrast, the vp1133 mutant displayed secretion of many T3SS-1-dependent

proteins, comparable to the parent strain.

HlyU has previously been implicated as an H-NS derepressor, leading to rtxA1

toxin expression inV. vulnificus [346]. To investigate if HlyU acts as a derepressor

of H-NS in V. parahaemolyticus or, alternatively, as a bona fide transcriptional

activator, we deleted hlyU in the context of the hns::Tn5 mutant (strain Vp-EL)

and performed protein secretion and luciferase reporter assays. Vp-EL behaved

similarly to the Δhns::Tn5 mutant, exhibiting T3SS-1 effectors and translocators

along with enhanced luciferase activity (driven by the exsA promoter) (Figure 2.4A

and B). Therefore, in the absence of H-NS, HlyU is not required for T3SS-1 protein

secretion or for exsA promoter activity. To confirm the role of HlyU for exsA

promoter activity in cells expressing H-NS, we subjected the hlyU::Tn5 mutant to

genetic complementation. Enhanced restoration of luminescencewas observed for

the hlyU complemented strain that was significantly above the level of the Vp-lux

parent strain (Figure 2.4C).

2.3.3 hlyU Null Mutants are Deficient for T3SS-1-dependent

Secretion and Cytotoxic Effects

To validate the phenotypes measured in the hlyU::Tn5 mutant and to rule out any

effects due to transposon insertion, an hlyU null mutant derived fromwild-typeV.

parahaemolyticus was generated (strain hlyU1) and tested for protein secretion.

In complete agreement with the hlyU::Tn5 mutant, T3SS-1 protein secretion
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Figure 2.4: Protein secretion and exsA promoter activity assays with the Vp-lux
(tdhS::exsA-lux) strain and specific transposon insertion mutants. (A) Total
secreted proteins were precipitated from culture supernatants of the indicated
Tn5 insertion mutants and subjected to SDS-PAGE, followed by Coomassie blue
staining. A protein ladder was included (M), and previously identified proteins
are labeled. (B) Luciferase assays were conducted with the indicated Tn5 insertion
mutants and the hns::Tn5 ΔhlyU double mutant (strain Vp-EL) (n = 2). The error
bars indicate standard deviations from the mean values. A two-tailed t-test was
conducted to compare data sets. *, P < 0.05; **, P < 0.005. (C) Complementation
of the hlyU::Tn5 mutant with pVSV105 encoding hlyU was performed, followed
by a luciferase assay. A two-tailed t test was used to compare data sets. **, P <
0.005; ****, P < 0.0001
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for hlyU1 was deficient compared to that of wild-type V. parahaemolyticus and

appeared similar to that of a ΔvscN1 T3SS-1-deficient strain (Figure 2.5A). Genetic

complementation of strain hlyU1 with the wild-type hlyU coding region in trans

fully restored T3SS-1 protein secretion.

To investigate the role of HlyU in the context of infection-like conditions, we

conducted in vitro HeLa infections with V. parahaemolyticus strains followed

by a lactate dehydrogenase (LDH) release cytotoxicity assay. As expected,

wild-type V. parahaemolyticus resulted in rapid HeLa cytotoxicity in a vscN1

(T3SS-1 ATPase)-dependent manner (Figure 2.5B), confirming previous reports

[251, 268]. hlyU1 was significantly less cytotoxic than the parent strain

(Figure 2.5B), comparing closely to the low cytotoxicity levels observed for the

ΔvscN1 strain. Genetic complementation of hlyU1 restored HeLa cytotoxicity

to wild-type V. parahaemolyticus levels, indicating that HlyU contributed to V.

parahaemolyticus cytotoxic activity during in vitro infection.

Taken together, the protein secretion, promoter activation, and cytotoxicity

data all indicated that HlyU was required for exsA promoter activation that

supported expression of T3SS-1-related genes, leading to HeLa cell cytotoxicity

during infection.

2.3.4 Purified HlyU Binds Upstream of exsA

HlyU is a member of the SmtB/ArsR family of regulator proteins that bind to

DNA using a winged helix-turn-helix (wHTH) domain structure [345]. Based on

the hlyU1 deficiency for T3SS-1-associated phenotypes, we set out to investigate

whether HlyU binds to V. parahaemolyticus DNA. We hypothesized that DNA

near the exsA promoter (located within our lux reporter constructs) should

contain sequences that direct HlyU binding to DNA. To test this hypothesis,

we overexpressed and purified a HlyU-HIS fusion protein (see Materials and

Methods). Native HlyU is 98 amino acids in length (NCBI accession no.
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Figure 2.5: V. parahaemolyticus ΔhlyU mutant (strain hlyU1) is deficient for
secretion of T3SS-1 proteins and exhibits reduced host cell cytotoxicity during
infection. (A) Total secreted proteins were collected and subjected to SDS-PAGE,
followed by Coomassie staining. A protein standard was included (M), and
previously identified protein species are labeled. (B) Percent cytotoxicity was
calculated after infection of HeLa cells with various strains by measuring released
lactate dehydrogenase levels. All strains contained pVSV105 or phlyU-FLAG
as indicated. Statistical bars indicate standard deviations from the means, and
statistical significance was determined by a paired two-tailed t test compared to
the V. parahaemolyticus control. ***, P < 0.001. ns, not significant.
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NP_796908.1) and has a predicted molecular mass of 11.2 kDa. Overexpressed

HlyU-HIS appeared as an approximately 11-kDa protein by SDS-PAGE (Figure

A.2). Electrophoresis mobility shift assays (EMSA) next were performed using an

exsA promoter DNA fragment mixed with increasing amounts of purified HlyU

protein. The exsA promoter DNA fragment demonstrated multiple shifts, with

concentrated DNA species appearing with larger amounts of HlyU-HIS (Figure

2.6A). For these larger HlyU-HIS amounts, Sypro red and SYBR green staining

revealed protein-DNA complexes which appeared as tight bands coinciding with

reduced mobility through the acrylamide gel matrix (Figure A.3). In contrast, no

mobility shift was apparent with increasing amounts of bovine serum albumin

(BSA), indicating that the exsA promoter region did not support nonspecific

protein binding (Figure 2.6A). Based on densitometric analyses of HlyU-bound

exsA promoter DNA (Table A.2), an apparent binding affinity ranging from 5

to 6.3 μM (95% confidence interval) was calculated (Figure A.4). A nonspecific

DNA fragment next was mixed with purified HlyU-HIS. While some minor shifts

were observed at low HlyU levels (as seen by smearing), no major shifts or

concentrated DNA species were apparent with increasing amounts of HlyU-HIS

(Figure 2.6B). These results suggest that small amounts of HlyU-HIS interacted

with DNA weakly, and larger HlyU amounts specifically bound the exsA promoter

region DNA, leading to homogenous protein-DNA complexes.

2.3.5 HlyU Protects An Inverted Repeat Sequence within the exsA

Promoter Region from DNase I Digestion

We set out to identify the DNA region bound by HlyU within the exsA promoter

region. Fluorescently end-labeled exsA promoter DNA was mixed with purified

HlyU-HIS and then treated with DNase I. The reactionmixtures were purified and

then subjected to a DNA footprinting assay. As shown in Figure 2.6C, a 56-bp

region repeatedly and specifically produced low fluorescence signals indicative of
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Figure 2.6: Electrophoresis mobility shift assay (EMSA) and DNA footprinting
assays indicate HlyU binding to a region within the exsA promoter. (A) Six percent
TBE-polyacrylamide gels were loaded with reaction mixtures containing exsA
promoter DNA and increasing amounts of purified HlyU-HIS or bovine serum
albumin (BSA). An exsA promoter DNA-only control was included as indicated.
The white box indicates slow-migrating, concentrated DNA species. (B) A 6%
TBE-polyacrylamide gel was loaded with reactionmixtures containing nleH1DNA
and increasing amounts of purified HlyU-HIS. Following electrophoresis, gels
were stainedwith SYBR green to specifically stain DNA. (C) ADNase I footprinting
assay using purified HlyU-HIS was used to identify a DNA binding region for
HlyU-HIS within the exsA promoter. The approximate base pair numbers of the
HlyU-HIS footprint region are indicated (259 to 315 bp) and are based on capillary
electrophoresis internal size standards. The DNA sequence associated with the
identified HlyU protected region is displayed below the chromatogram. A 7-bp
inverted repeat (labeled in blue) and separated by 14 bp is centrally located within
the HlyU-HIS protected region.
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an HlyU-protected region (undigested by DNase I). Sequence examination of

this DNA region resulted in the identification of a perfect 7-base inverted repeat

sequence, 5′-ATATTAG-3′, separated by an A/T tract of 14 bases. Furthermore,

a 10-base direct-repeat palindromic sequence centered within the A/T tract

(TAAATTAAAT) (Figure 2.6C). Bioinformatic analyses indicated that this region of

DNA is highly conserved in all V. parahaemolyticus sequences in public databases

and is located upstream of exsA in every case.

2.4 Discussion

We have identified a genetic regulatory switch that controls T3SS-1 gene

expression using a transposon mutagenesis approach coupled to a sensitive

luciferase reporter screen. We set out to identify genes that promote exsA gene

expression, which encodes the master transcriptional regulator of T3SS-1 in V.

parahaemolyticus. The data suggest that V. parahaemolyticus HlyU acts as a

derepressor by binding to DNA and relieving H-NS-mediated repression of exsA

gene expression, thus leading to T3SS-1 activation. Critically, we demonstrated

that HlyU is strictly required for V. parahaemolyticus to secrete specific effectors

and induce rapid T3SS-1-mediated host cell cytotoxicity.

Within Vibrio species, it is well established that HlyU proteins act as global

regulators of virulence genes. In V. vulnificus, HlyU functions to derepress the

rtxA1 toxin gene antagonizing H-NS binding [324]. In this way HlyU acts as

a derepressor, by removal of the H-NS-mediated repression, and not as a true

RNA polymerase-recruiting transcriptional activator. In V. cholerae, HlyU acts

to enhance promoter activity at genes associated with virulence. Insertional

mutation of the hlyU gene inV. cholerae leads to a significant decrease in virulence

within an infant mouse infection model, highlighting the importance of this

gene for virulence [347]. In V. anguillarum, HlyU controls the expression of
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the rtxACHBDE and vahI gene clusters, whose protein products mediate the V.

anguillarum hemolysin and cytotoxicity activities in fish [328].

Our data provide evidence thatV. parahaemolyticus utilizes HlyU to positively

regulate T3SS-1 expression, which is, to our knowledge, the first report linking

this regulator to type III secretion. Our transposon library approach identified

hlyU and hns as encoding protein regulators of exsA expression. H-NS has

previously been implicated in T3SS-1 regulation in V. parahaemolyticus [305];

therefore, we independently confirmed those findings using a different approach.

Our data suggest that HlyU is critical to derepress the exsA promoter by disrupting

H-NS activity. In the absence of H-NS, HlyU is not required for exsA promoter

activity (Figure 2.4B). Instead, elevated exsA promoter activity was observed in

the absence of H-NS, suggesting that HlyU is not strictly required to activate

the exsA promoter and likely displaces a negative regulator. Collectively, the

data suggest that HlyU and H-NS form a genetic regulatory switch that serves to

tightly control T3SS-1 gene expression in V. parahaemolyticus. Different genetic

regulatory factors likely contribute to auxiliary exsA regulation, as our screen did

identify other genes (see Table A.1 in the supplemental material); however, the

robustness of the phenotypes linked to hlyU and hns mutants implicate these

respective genes in a central regulatory mechanism for V. parahaemolyticus

T3SS-1 gene expression. Negative regulation mediated by H-NS is a common

paradigm for virulence genes, especially those foundwithin genomic pathogenicity

islands [318].

H-NS is proposed to protect the genome from foreign DNA acquired from

various genetic transfer events. H-NS propensity to binding A/T-rich sequences

likely serves to silence deleterious gene expression, which could stabilize

the acquisition of new DNA while limiting detrimental fitness costs [310].

Furthermore, pathogens capable of conditionally derepressingH-NSby expressing

specialized DNA binding regulatory proteins would benefit from fine-tuning
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of virulence gene expression. Indeed, there are multiple examples of H-NS

derepression by DNA binding proteins, including HilD (Salmonella), Ler (E. coli),

andVirB (Shigella) [348–350]. Many of these proteins bind at distinctDNAmotifs

and promote bending or alteration of DNA structure at specific genome sites.

DNA binding locally displaces H-NS, thus supporting efficient promoter access

and gene transcription [351]. In the case of V. parahaemolyticus, we demonstrate

that HlyU binds to DNA downstream of a previously reported exsA transcriptional

start site and adjacent to where H-NS binds the DNA (Figure 2.7) [307]. The

current data are not able to identify the exact regulatorymechanismunderlying the

HlyU–H-NS regulation of exsA expression; however, we hypothesize that under

certain environmental or infection conditions, particularly ones with elevated

magnesiumanddepleted calcium,HlyU is crucial to trigger exsApromoter activity.

HlyU protein sequences are highly conserved among Vibrio species (ranging

from 81 to 100% identity) [345]. Numerous structure-function studies have

established that HlyU proteins form stable homodimers and possess a winged

helix-turn-helix (wHTH) domain structure which is modeled to bind DNA within

two major grooves [345, 352]. Furthermore, HlyU dimerization is necessary

for DNA binding activity in V. cholerae, and specific amino acids within HlyU

contribute to DNA binding [345]. These critical amino acids are conserved

in all V. parahaemolyticus HlyU homologues. We demonstrate here that V.

parahaemolyticus HlyU binds to the DNA upstream of exsA using EMSA.

Interestingly, we did observe various degrees ofDNA shifts thatwere dependent on

the amount of HlyU (Figure 2.6A). A similar observation was previously reported

for V. cholerae HlyU [345]. The current data cannot differentiate if the DNA

shifts were due to (i) increased HlyU binding at multiple sites, creating larger

DNA-protein complexes, or (ii) different physical conformations of DNA-protein

complexes. DNase I footprinting assays repeatedly detected a single contiguous



61

Fi
gu
re
2.
7:

Sc
he
m
at
ic
di
ag
ra
m
of
th
e
in
te
rg
en
ic
re
gi
on

in
vo
lv
ed

in
ex
sA

ge
ne

re
gu
la
ti
on
.
Th
e
E
xs
A
bi
nd
in
g
m
ot
if
an
d

H
-N
S
bi
nd
in
g
si
te
ha
ve

be
en

pr
ev
io
us
ly
id
en
ti
fie
d.

A
pu
ta
ti
ve

H
ly
U
bi
nd
in
g
si
te
,
as
id
en
ti
fie
d
in
th
is
st
ud
y,
is
sh
ow
n.

Th
e
E
xs
A
bi
nd
in
g
m
ot
if
ha
s
th
re
e
bo
x
el
em

en
ts
,
ea
ch

co
m
po
se
d
of
co
ns
er
ve
d
D
N
A
se
qu
en
ce
s:
1,
G
C
bo
x;
2,
A
bo
x;
3,

TT
A
G
N
4T
T.
Pr
ot
ei
n-
D
N
A
in
te
ra
ct
io
ns
at
sp
ec
ifi
c
si
te
s
w
it
hi
n
th
e
ex
sA

pr
om

ot
er
re
gi
on

ar
e
sh
ow
n.
Pl
us
an
d
m
in
us
si
gn
s

in
di
ca
te
po
si
ti
ve
an
d
ne
ga
ti
ve
re
gu
la
to
ry
ro
le
s,
re
sp
ec
ti
ve
ly
,o
n
ex
sA

pr
om

ot
er
ac
ti
vi
ty
.



62

56-bp stretch of protected exsA promoter DNA, suggesting that HlyU binds at or

near this site. We identified a perfect 7-base inverted repeat located within this

putative HlyU binding site. This feature is in agreement with V. cholerae HlyU,

which also binds at an inverted repeat near its rtx operon; however, the sequence

motif is different in each case. HlyU proteins from other Vibrio species bind

at different repeat-type sequence motifs [328, 345]; thus, it appears that some

flexibility in sequence recognition exists. HlyU is considered a global virulence

regulator, so it might be expected to recognize different sequences across the

genome. Additional detailed studies will be required to determine sequence

specificity requirements for HlyU binding to DNA.

In summary, we have identified a primary genetic switch composed of the

DNA binding proteins HlyU and H-NS that serves to regulate T3SS-1 gene

expression in V. parahaemolyticus. V. parahaemolyticus required HlyU to

support the expression of ExsA, the master transcriptional regulator of multiple

T3SS-1-associated genes. During infection-like conditions, HlyUwas necessary for

rapid host cell cytotoxicitymediated by T3SS-1. HlyU boundDNAnear an inverted

repeat located upstream of exsA which likely disrupts H-NS-mediated repression

at this gene locus in V. parahaemolyticus.

2.5 Materials and Methods

2.5.1 Bacterial Strains, Growth Conditions, and Plasmids

Vibrio parahaemolyticus RIMD2210633 was grown in Luria broth (LB; L3522;

Sigma) or LBS (10 g tryptone, 5 g yeast extract, 20 g NaCl, pH 8.0). All

mutant derivatives described in this study were derived fromV. parahaemolyticus

RIMD2210633 (Table 2.1). All Escherichia coli strains were cultured in LB.

The following antibiotics (Sigma) were used in growth medium as required:

chloramphenicol (5 μg/ml and 30 μg/ml for V. parahaemolyticus and
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E. coli, respectively), erythromycin (10 μg/ml and 75 μg/ml for V.

parahaemolyticus and E. coli, respectively), kanamycin (50 μg/ml), and

ampicillin (100 μg/ml). V. parahaemolyticus was routinely grown at 30°C or

37°C aerobically with shaking at 200 rpm for 16 to 18 h. Agar (A5306; Sigma) was

added to medium at 1.5% (wt/vol) for solid medium preparations. All plasmids

used in this study are listed in Table 2.1.

2.5.2 Generation of Strain hlyU1 and Construction of a Plasmid for

hlyU1 Genetic Complementation

Primers NT393 and NT390 (synthesized by Integrated DNA Technologies [IDT])

were used in a PCR (with Phusion DNA polymerase; M0535S; New England

BioLabs) with V. parahaemolyticus genomic DNA as the template. This approach

amplified a contiguous DNA fragment encompassing upstream flanking sequence

of tdhS to a partial coding sequence of the gene. Similarly, primers NT391 and

NT392 were used to amplify a distal tdhS coding sequence and downstream

flankingDNA. TheseDNA fragmentswere digestedwith PacI, ligated togetherwith

T4 DNA ligase, and then used as a DNA template in a PCR with primers NT393

and NT392. The resulting DNA fragment was blunt-end cloned into the Eco53kI

site of pRE112 to create pΔtdhS. Primers NT337 and NT339 next were used with

V. parahaemolyticus genomic DNA in a PCR to amplify the V. parahaemolyticus

exsA promoter region. The resulting DNA product was subjected to restriction

digestion with EcoRI and BamHI and then cloned upstream of the promoter-less

luxCDABE gene cassette in pJW15. Finally, PacI digestion was used to excise

the exsA-luxCDABE DNA fragment from pJW15, which was then cloned into the

PacI site of pΔtdhS to generate ptdhS::exsAlux. ptdhS::exsAlux then served as a

chromosomal integration suicide construct via delivery into V. parahaemolyticus

using triparental conjugal mating. Chromosomal integrants were selected with

medium containing chloramphenicol and then streak purified. The integrants
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were then subjected to allelic exchange by SacB-mediated sucrose selection. Stable

integrants within the tdhS allele were screened by PCR and then confirmed by

Sanger sequencing. All oligonucleotides used in this study are listed in Table 2.2.

2.5.3 Mini-Tn5 Mutant Library Generation within the Vp-lux

Reporter Strain

A mutagenesis procedure was followed, with minor modifications [344]. Briefly,

a conjugal mating on LBS agar allowed for the delivery of the plasposon pEVS170

into the Vp-lux strain. The mating mixture was plated onto selective LBS agar

medium (pH 8.0) containing 10 μg/ml erythromycin and incubated at 22°C for

36 h. Transposants were then individually picked and grown on M9 minimal

medium overnight. Finally, the transposants were grown overnight in LB (pH

8.0) supplemented with erythromycin and then frozen in 20% (vol/vol) glycerol

in 96-well plate format.

2.5.4 Luciferase Reporter Library Screen

Overnight cultures of the mini-Tn5 mutant library in 96-well plates were grown

at 37°C in 5.0% CO2. A volume of 200 μl of LB medium supplemented with 5

mM EGTA and 15 mM MgSO4 was accurately pipetted into each well of a sterile

96-well clear-bottom, white-walled plate (number 3632; Corning). A sterilized

96-metal-pin well replicator (V&P Scientific) was used to sample the overnight

96-well plate cultures, and then the replicator was used to inoculate each well of

the 96-well plate supplemented with LB medium. These plates were incubated

with shaking at 30°C and 250 rpm for 3.5 h. Luminometry (counts per second,

read at 1 s per well) and OD600 endpoint readings were taken using a Victor X5

multilabel plate reader (PerkinElmer).
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2.5.5 Statistical Binning to Categorize Transposon Mutants

To narrow mutants down to a reasonable number for genetic characterization, we

undertook a statistical binning approach. Allmutants that fell below 1,000 cps and

above an OD600 of 0.4 were binned according to their counts per second into three

categories: low glowers (less than 100 cps), low-moderate glowers (100 to 200

cps), and moderate glowers (200 to 1,000 cps). Statistical means and standard

deviations were calculated for each group, and mutants that fell 1 standard

deviation below themean for each group were selected for characterization. These

data are summarized in Table A.1 in the supplemental material.

2.5.6 Genetic Marker Retrieval

Genomic DNA from selected V. parahaemolyticus transposants was isolated

and restriction enzyme digested to completion using HhaI, followed by a heat

inactivation of HhaI. The digested DNA (final concentration of approximately 40

ng/μl)was then treatedwithT4DNA ligase overnight. Finally, the ligatedDNAwas

transformed into E. coliDH5αλpir using a standard procedure, and transformants

containing self-replicating plasposons were selected on erythromycin LB agar

medium. The plasposons were retrieved from the E. coli hosts using a

standard miniprep procedure and were subjected to Sanger sequencing using

the M13 forward sequencing primer. The sequencing data were compared to

the RIMD2210633 reference V. parahaemolyticus genome to identify the genetic

locus were transposition had occurred.

2.5.7 Protein Secretion Assays

T3SS-1 protein secretion assays were performed as previously described [268].

Culture conditions that support T3SS-1 expression were a starting OD600 of 0.025

in LB supplemented with 15 mMMgSO4 and 5 mM EGTA and a 4-h incubation at
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30°C (250 RPM).

2.5.8 Cytotoxicity Assays

HeLa cells (American Type Culture Collection) were cultured in Dulbecco’s

modified Eagle’s medium (DMEM; Gibco 11995) supplemented with fetal bovine

serum, seeded in a sterile 24-well plate (number 3526; Costar) at a density of 105

cells/mL, and incubated for 16 h at 37°C in 5.0% CO2 prior to infection. The HeLa

cells were washed twice with 1 mL of phosphate-buffered saline (PBS; 137 mM

NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.46 mM KH2PO4) before infection with

selected V. parahaemolyticus strains. V. parahaemolyticus strains were cultured

overnight in LB broth at 37°C and 200 rpm. The cultures were diluted in PBS and

adjusted for cell number usingOD600measurement and then transferred to phenol

red-free DMEM (Gibco 21063) (without serum), resulting in bacterial suspensions

of ~5 × 105 cells/mL. One milliliter of the relevant suspension was added to

the appropriate wells of a HeLa cell-seeded 24-well plate for a multiplicity of

infection (MOI) of approximately 5 (verified by viable plate counts). Uninoculated

DMEM was added to wells containing the uninfected HeLa cells and the maximal

LDH release condition controls. The 24-well plate was incubated for 4 h at 37°C

and 5.0% CO2. A cytotoxicity kit (88954; Pierce) was used according to the

manufacturer’s instructions. The following formula was used to calculate percent

cytotoxicity:
experimentalOD490−uninfectedOD490

maximalreleaseOD490
×100

2.5.9 Construction of a Recombinant Plasmid to Overexpress and

Purify HlyU-HIS

Primers NT400 and NT401 were used in a PCR with V. parahaemolyticus

genomic DNA to amplify the hlyU open reading frame without its stop codon.
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The resulting DNA fragment was digested with NdeI and XhoI and then

cloned into the corresponding restriction sites within pET21a+ (Novagen), thus

creating an in-frame fusion to a hexahistidine coding sequence (C-terminal HIS

tag). The recombinant plasmid was initially transformed into DH5α and DNA

sequence verified. Finally, the plasmid was moved into E. coli BL21(λDE3)

for HlyU-HIS protein overexpression using a T7 inducible promoter system.

Overexpressed HlyU-HIS was purified from the soluble fraction of bacterial

lysates using nickel-nitrilotriacetic acid (Ni-NTA)–agarose (Qiagen) and column

chromatography as previously described [354]. Extensively washed and purified

HlyU-HIS was eluted from columns using an elution buffer (10 mM EDTA, 150

mM NaCl, 20 mM phosphate buffer).

2.5.10 EMSA

The electrophoresis mobility shift assay (EMSA) was performed as previously

described [355], with a few minor modifications. Purified HlyU-HIS or BSA

(B9000S; New England BioLabs) was mixed with a PCR-amplified exsA promoter

DNA fragment in binding buffer (10 mM Tris [pH 7.5 at 20°C], 1 mM EDTA,

0.1 M KCl, 0.1 mM dithiothreitol, 5%, vol/vol, glycerol, 0.01 mg ml−1 BSA).

A PCR-amplified nleH1 gene fragment (derived from EPEC genomic DNA)

served as an unrelated nonspecific DNA control. Six percent Tris-borate-EDTA

(TBE)–polyacrylamide gels were prerun with 1.5 μl of 6× TBE loading dye (6

mM Tris, 0.6 mM EDTA, 30%, vol/vol, glycerol, 0.0006%, wt/vol, bromophenol

blue, 0.0006%, wt/vol, xylene cyanol FF) and then loaded with the equilibrated

protein-DNA samples. The gel was run for 4 h (100 V, 4°C) and then stained

with SYBR green fluorescent DNA dye (Invitrogen) at a 1× concentration in TBE

buffer and imaged using a VersaDoc MP5000 system (Bio-Rad). Protein staining

and processing of TBE gels was performed using SYPRO Ruby Red (Bio-Rad) as

previously described [356] and then imaged using a VersaDoc MP5000 system
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(Bio-Rad).

2.5.11 6-FAM DNase I Footprinting Assay

A 6-carboxyfluorescein (6-FAM)-end-labeled exsA promoter fragment was

amplified by PCR using V. parahaemolyticus genomic DNA as the template with

primers NT337 and NT402. Using the same EMSA binding conditions, the

6-FAM-labeled exsA promoter PCR product was mixed with purified HlyU-HIS or

BSA and allowed to equilibrate for 30min. Various amounts ofDNase I (0.5 to 2U)

were added to the protein-DNAmixture, followed by immediate incubation at 37°C

for 20min. To stopDNase I activity, reactionmixtures were rapidly heated to 75°C

for 10 min and then purified using a PCR purification kit (Qiagen). The samples

were then subjected to capillary electrophoresis on an ABI-3730XL DNA Analyzer

(Genome Québec Innovation Center). The chromatogram from this analysis was

matched with a Sanger DNA sequencing reaction of the same exsA promoter

DNA fragment. The HlyU-HIS protected region was identified by searching the

chromatogram for a region with decreased 6-FAM fluorescence output. This

experiment was repeated four times and included independent binding andDNase

I digestion reactions.
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3.1 Abstract

Pathogenic Vibrio species account for 3-5 million annual life-threatening human

infections. Virulence is driven by bacterial hemolysin and toxin gene expression

positively regulated by the winged helix-turn-helix (wHTH) HlyU transcriptional

regulator family and silenced byHistone-like nucleoid-structuring protein (H-NS).

In the case of Vibrio parahaemolyticus, HlyU is required for virulence gene

expression associated with T3SS-1 although its mechanism of action is not

understood. Here, we provide evidence for DNA cruciform attenuation mediated

by HlyU binding to support concomitant virulence gene expression. Genetic

and biochemical experiments revealed that upon HlyU mediated DNA cruciform

attenuation, an intergenic cryptic promoter became accessible allowing for exsA

mRNA expression and initiation of an ExsA autoactivation feedback loop at a

separate ExsA-dependent promoter. Using a heterologous E. coli expression

system, we reconstituted the dual promoter elements which revealed that HlyU

binding and DNA cruciform attenuation were strictly required to initiate the ExsA

autoactivation loop. The data indicate thatHlyU acts to attenuate a transcriptional

repressiveDNA cruciform to support T3SS-1 virulence gene expression and reveals

a non-canonical extricating gene regulation mechanism in pathogenic Vibrio

species.

3.2 Introduction

Pathogenic Vibrio species cause millions of life-threatening human infections

annually [30], as well as fatal infections in seafood organisms that contribute to

major economic losses in aquaculture [25]. Vibrio spp. are responsible for severe

diarrheal disease (in the case of Vibrio parahaemolyticus and Vibrio cholerae),

as well as wound infections causing necrotizing fasciitis (Vibrio vulnificus). Both

V. parahaemolyticus and V. cholerae employ a complex array of pathogenicity



74

factors, including pore forming toxins and secretion systems, to generate disease

in a host [30].

These pathogens possess DNA binding proteins that either repress or activate

virulence gene expression, many of which alter DNA conformation [192, 269, 286,

296, 357–359]. Specifically, the HlyU family of winged helix-turn-helix (wHTH)

DNA-binding proteins positively regulate a subset of Vibrio spp. virulence genes

[269, 328, 345, 360]. HlyU proteins dimerize and interact with consecutive

major grooves of the double-stranded DNA helix and are modeled to induce

variably angled DNA bends at intergenic regions [332, 352]. Small drug

HlyU inhibitors have been discovered [361, 362] and some have been shown

to limit disease in animal models of infection [362]. The exact mechanism

underlying HlyU positive gene regulation remains unknown. In the cases of

V. vulnificus and Vibrio anguillarum, competitive DNA binding studies have

implicated HlyU in overcoming virulence gene silencing mediated by Histone-like

Nucleoid-Structuring protein (H-NS) [324, 327]. Additional genetic evidence

in support of this regulatory paradigm was later found in V. parahaemolyticus,

where hlyU was no longer required to support T3SS-1 activity in the absence

of hns [269]. Moreover in V. cholerae, a parallel example between the wHTH

ToxT transcriptional activator and H-NS repression has been studied in context of

ctxAB (cholera toxin) expression [323, 363]. How transcriptional regulators like

HlyU and ToxT impact H-NS repression is not completely understood and various

models for de-repression of H-NS have been proposed [322, 323, 364]. In many

cases, H-NS DNA binding sites do not directly overlap with those of those of the

transcriptional regulators raising the possibility of DNA topology or protein-DNA

interactions that function at a distance to impact gene expression. For numerous

pathogens, H-NS binding to DNA acts to constrain localized DNA supercoiling

leading to dramatic changes in DNA topology such as looping, hairpins, and

cruciforms [316, 365, 366]. In some cases, the altered DNA topology reduces
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promoter accessibility for key transcriptional initiation events [367]. Pathogens

must therefore possess a variety of mechanisms to overcome these repressive

effects on virulence genes [310, 317, 318, 368, 369].

In Vibrio parahaemolyticus, we previously discovered the exsBA intergenic

region was an HlyU binding site, with inverted repeat sequences separated by

A/T rich DNA [269]. Such DNA nucleotide arrangements are known to form

DNA cruciform (or 4-way) structures under certain energetic provisions [316,

370, 371]. DNA cruciform structures are dynamic non-β-DNA structures found

in all domains of life and are implicated in repressing gene expression [316, 372],

replication initiation in bacteriophages and plasmids [370, 373] and occasionally

as DNA recombination intermediates [374]. The formation of DNA cruciform

structures typically requires high superhelical density – as a mechanism of energy

input into the DNA helix – constrained by negative supercoiling which is then

relieved by contextual extrusion of DNA strands [375]. While DNA looping and

bending mechanisms have been well characterized in bacterial genetic processes,

functional DNA cruciform examples in bacterial chromosomes are rare and

there are no examples linked to virulence gene regulation. Notably, protein

crystallization studies have implicated HlyU binding to bent dsDNA [332, 333],

however no HlyU-DNA co-crystal has been solved to date and the functional

genetic outcomes have not been investigated.

In this study, we set out to investigate the mechanism of HlyU function

in context of exsA gene expression and subsequent T3SS-1 gene regulation.

V. parahaemolyticus ∆hlyU mutants are significantly impaired for exsA gene

expression and exhibit reduced cytotoxicity during infection [269]. Conversely,

hns null mutants exhibit significantly enhanced and de-regulated expression

of exsA [269, 305, 307]. HlyU and H-NS binding sites within the exsA

promoter region do not overlap and are separated by at least 100 base pairs

[269, 307] making competitive DNA binding models challenging to reconcile.



76

Considering the nature and propensity of A/T rich supercoiled DNA to form

cruciforms, we hypothesized that a DNA cruciform structure is involved in

regulation of exsA expression. Wepresent data that implicatesHlyU in attenuating

a transcriptionally repressive DNA cruciform leading to V. parahaemolyticus

T3SS-1 mediated virulence.

3.3 Results

3.3.1 in silico Identification of Cruciform Forming Loci in Vibrio

Species

Extensive genomic analyses revealed that potential cruciform forming DNA

sequences are significantly enriched at the 3’ end of genetic operons,

within intergenic regions and near transcriptional promoters [376, 377]. To

investigate DNA sequences capable of forming cruciform structures within the V.

parahaemolyticus exsBA intergenic region, we undertook an in silico approach

using Palindrome Analyser [376]. We allowed for a maximum of one sequence

mismatch in the base-paired cruciform stem DNA and excluded cruciforms with

stem sequences which contained less than six nucleotides. Furthermore, DNA

cruciforms with looped-DNA which are spaced by less than ten nucleotides

were also excluded. These criteria were used to identify DNA sequences which

supported the annealing constraints for both DNA cruciform formation and HlyU

binding [269, 328, 345, 360].

Twenty-one cruciform sequenceswhichmet our criteria for cruciformpotential

were identified within the ~650 nucleotide exsBA intergenic region (Table B.1).

Critically, these putative cruciform structures all had positive predicted ΔG values,

which is consistent with an energetic supercoiling input requirement for cruciform

formation. Three cruciform structures are clustered around the HlyU binding site

and have similar ∆G values between 12.94 to 14 (Table B.1).
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We also investigated if HlyU binding sites from other Vibrio spp. have

cruciform forming potential. For all the Vibrio spp. evaluated, the HlyU binding

site (or sites) was in proximity or overlapped with a putative DNA cruciform

structure (Tables B.2, B.3, B.4). These data indicate that DNA sequence features

required for cruciform formation are present at a variety of intergenic HlyU

binding sites in different Vibrio spp. The observations align with the known

enrichment of cruciform forming DNA sequences at specific intergenic DNA

locations [376]. In all cases, the respective DNA sequences exhibit A/T rich DNA

(>90%)which aligns with the commonly described conditions that favor cruciform

formation in vivo [290, 371, 373, 375].

3.3.2 Identification and Sequence Mapping of Cruciform Structures

To functionally evaluate the Vibrio parahaemolyticus exsBA intergenic region

for cruciforms, we built on a previously developed T7 endonuclease assay with

supercoiled plasmid DNA substrates [377]. Here, T7 endonuclease cleaves DNA

cruciform structures in a sequential two-step process to produce a double-strand

DNAcleavage and linearize plasmidDNA.ApUC(A/T) plasmidwith an engineered

stable cruciform served as a positive control for T7 endonuclease cleavage [377]

and empty pBluescript acted as a negative control (Figure 3.1A). As expected,

treatment of pUC(A/T) with T7 endonuclease linearized the plasmid, while

treatment of pBluescript did not (Figure 3.1B, pBS and pUC(A/T), see lane 4 for

each condition).

The exsBA intergenic region of Vibrio parahaemolyticus was cloned into

a pBluescript vector (Figure 3.1A) and assayed by digestion with either T7

endonuclease alone or in combination with other restriction digests (Figure 3.1B).

When recombinant pBluescript containing the exsBA intergenic regionwas treated

with T7 endonuclease, dsDNA cleavage was consistently observed as evidenced by

enrichment of DNA that migrated similarly to linearized DNA (Figure 3.1B, lane
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Figure 3.1: Identification of cruciform structures at the HlyU binding site in
the exsBA locus of V. parahaemolyticus. (A) Schematic diagram of plasmid
constructs used for T7 endonuclease I digestion analyses. Expected restriction
fragment sizes and relative location of PvuII and cruciform sites are identified.
The red line and cruciform structure indicate the cloned exsBA DNA region. (B)
Restriction digestion of plasmid DNA visualized by agarose gel electrophoresis.
1-undigested plasmid, 2-linearized plasmid, 3-PvuII, 4-T7 Endonuclease, 5-T7
Endonuclease followed by PvuII. T7 Endonuclease targets cruciform structures to
cause double-strand break in a two-step process. PvuII was used as it flanks the
cloned DNA and allows for restriction mapping. The black arrowhead indicates
linearized DNA for the respective cruciform forming plasmid constructs (compare
lanes 2 and 4). Complete DNA cleavage by T7 endonuclease is rare due to
the two step cut process (initial nicking) and dissipation of supercoiling in the
intermediate stage, explaining the enriched slower migrating nicked DNA (lane
4, left and right panels). The red arrowheads in lane 5 of each panel indicate DNA
cleavage fragments generated by initial cruciform cleavage by T7 endonuclease.
pBluescript and pUC(AT) are negative and positive controls respectively. This
experiment was repeated at least three times with representative data shown.
(C) Schematic depicting cleavage results of the cruciform sequence mapping
assay for the exsBA intergenic region in V. parahaemolyticus. Red nucleotides
indicate stem mismatches in the cruciform sequence. The asterisks and black
squares indicate cut sites that are consistent with the known specificities of T7
endonuclease and mung bean nuclease respectively. Cleavage data was obtained
from multiple independent cloned DNA fragments (see methods). (D) Schematic
diagram of the genomic locations of HlyU binding and the identified cruciform
structure. Yellow rectangles depict inverted repeats (IR1 and IR2) that flank a
palindromic DNA element that constitutes the HlyU binding site within the exsBA
intergenic region. Cruciform stem DNA sequences (C1 and C2) are indicated by
magenta rectangles. Only one ‘side’ of the stem-loop cruciform is shown in panels
C and D for presentation purposes.
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4). This suggested the existence of a DNA cruciform within the exsBA intergenic

region.

Initial T7 endonuclease digestion of the pUC(A/T) and exsBA constructs

followed by sequential PvuII digestion provided additional DNA cleavage products

that allowed approximation of cruciform position by DNA fragment sizes (Figure

3.1B, lane 5, Figure B.1). As expected, uniform, cruciform-associated cleavage

products of approximately 200 and 100 bp were consistently observed for

pUC(A/T). For the exsBA construct DNA cleavage products ~600 and ~450bp in

size were observed. Importantly, these exsBA associated DNA cleavage products

overlap the HlyU binding site [269] and multiple predicted cruciform structures

identified by Palindrome Analyser (Table B.1).

To further investigate the intergenic exsBA localized cruciform structure, we

precisely sequence mapped the relevant T7 endonuclease cut sites (see methods).

Here, we found compelling evidence for one of the cruciform structures identified

by Palindrome Analyser (Figure 3.1C, Table B.1). Critically, three exsBA T7

endonuclease cut sites precisely mapped to the base of the cruciform stem,

which is consistent with model synthetic cruciform cleavage studies (Figure

3.1C). Moreover, mung bean nuclease digestion assays efficiently localized single

strandedDNA likely associatedwith ‘loop’ structures of theDNA cruciform (Figure

3.1C) [373]. These data indicate that a stable cruciform structure exists at a DNA

locus that overlaps a HlyU binding site in V. parahaemolyticus (Figure 3.1D).

To further explore the cruciform forming capacity of HlyU binding sites in

other Vibrio species, we subjected HlyU binding intergenic regions from V.

cholerae (tlh-hlyA – 1104bp), V. vulnificus (rtxA1 operon region – 362bp) and V.

anguillarum (plp-vah – 493bp) to the T7 endonuclease and sequential cleavage

experiments (Figure B.1). T7 endonuclease cleavage produced linearization of

the intergenic regions from V. cholerae and V. vulnificus, and unique digestion

products were observed on sequential digest with PvuII (Figure B.1D and E).
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However, no significant cleavage from either the sequential digest or the T7

endonuclease digestion alone was observed for the intergenic fragment from V.

anguillarum (Figure B.1F, see Discussion). A summary of cruciform location and

cleavage data is presented in supplementary figure B.2. These experiments provide

evidence that cruciform structuresmay form at the site ofHlyU binding in a variety

of Vibrio spp.

3.3.3 Evidence for exsBA Genetic Locus DNA Supercoiling and

Cruciform Formation within V. parahaemolyticus Cells

Next, we set out to find evidence for DNA cruciform formation on the

V. parahaemolyticus chromosome within the exsBA intergenic region. We

considered the possibility that the exsBA genetic locus is subject to DNA

supercoiling, as DNA cruciform formation generally results from excessive

torsional forces. To investigate this possibility, we measured promoter activity for

a chromosomally integrated exsA promoter fused to a luxCDABE reporter (Figure

3.2A) [269]. Bacteria were grown in the presence of increasing sublethal doses of

novobiocin [0-0.4μM], which acts as a DNA gyrase inhibitor and potently reduces

DNA supercoiling [378]. exsA promoter activity was reduced in a dose dependent

manner with increasing concentrations of novobiocin (Figure 3.2B). These data

indicate that the exsBA intergenic region is subject to DNA supercoiling which

impacts on transcriptional activity.

Next, we set out to investigate DNA cruciform formation on chromosomal

DNA. We employed a pulse-chase chemical treatment of cells with

chloroacetaldehyde (CAA) which interacts with single-stranded DNA and

unpaired bases to form DNA ethanoadducts [379]. We hypothesized that if a DNA

cruciform exists at this locus in a proportion of cells, CAA treatment would reduce

overall exsA promoter activity and thus negatively
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impact the expression of a transcriptional luciferase reporter.

The experiments were performed using an initial pulse of 40nM CAA which

did not inhibit growth (Figure B.3). DNA ethenoadduct formation via CAA

modification was performed in wildtype and ∆hns strains containing an exsA

promoter-luxCDABE reporter integrated into the chromosome of each strain to

permit cis-regulation by DNA binding proteins, including HlyU and H-NS (Figure

3.2A). We reasoned that the ∆hnsmutant, owing to its lack of H-NS containment

of DNA negative supercoiling, should be deficient for DNA cruciform structures,

and generally less affected for exsA promoter activity. in situ real time exsA

promoter activity measurements revealed that the CAA-treated wildtype reporter

strain had significantly reduced exsA promoter activity compared to untreated

cells at 150 and 180 minutes (Figure 3.2C). In contrast, CAA treatment of the

∆hns reporter strain caused no a difference at these time points using a 2-way

ANOVAwith Bonferroni multiple test correction (Figure 3.2C). These data suggest

that CAA mediated ethanoadduct modification of unpaired DNA bases reduced

transcriptional activity of the luciferase reporter. Moreover, H-NS containment

of DNA supercoiling may play a role in the formation of the unpaired DNA

within a cruciform structure. Importantly, these data are consistent with the

well-established requirement for DNA supercoiling in cruciform formation in vivo

[371, 372]

3.3.4 Inverted Repeat and Palindrome Sequence Elements

Contribute to HlyU Binding

The HlyU binding site upstream of exsA in V. parahaemolyticus consists of

a 56-bp DNA stretch [269] that partially overlaps the cruciform-forming locus

(Figure 3.1D). We sought to investigate the DNA sequence within this 56bp region

that is necessary for HlyU binding using electrophoretic mobility shift assays

(EMSA). For these experiments, dsDNA fragments spanning 56bp were formed by
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annealing two single-stranded complementary oligos (seemethods) and incubated

with purified HIS-tagged HlyU (Figure B.4). HlyU bound to the wildtype DNA

sequence producing two shifted DNA species in EMSA experiments (denoted as

S1 and S2, (Figure 3.3A,C). Scrambling the palindrome sequence ATTTAATTTA

between the perfect inverted repeats (ATATTAG and CTAATAT) to form mutant

PAL1 abrogated HlyU binding to the DNA target (Figure 3.3A,B). This provided

evidence that the palindrome sequence is necessary for HlyU interaction with

DNA.

To further explore this specific exsBA region, we generated a series ofmutations

in the inverted repeat sequences adjacent to the palindrome, as well as the

palindromic sequence itself (Figure 3.3B). Every modification to these sequence

elements impacted HlyU interaction with DNA by EMSA (Figure 3.3C) with one

caveat. One of the inverted repeat mutations distal to exsA (IR1) partially bound

HlyU producing only S2, the low molecular-weight shift species (Figure 3.3C).

This is the only mutation that is adjacent (does not overlap) to the cruciform

stem sequences (C1 and C2) previously identified (Figure 3.1D) (see discussion).

Taken together, these data suggest that both the inverted repeat sequences and

the palindromic spacer are necessary elements for efficient HlyU binding and that

the cruciform-forming locus within the exsBA intergenic region partially overlaps

with the site of HlyU binding.

3.3.5 Mutations that Alter HlyU Binding Negatively Impact T3SS-1

Activity in V. parahaemolyticus

The genetic andbiochemical data suggested thatHlyUbinding toDNAattenuates a

transcriptionally repressive cruciform leading to exsA expression. To address this

further, we investigated the V. parahaemolyticus chromosomal intergenic exsBA

locus bymutational analysis. Mutations were introduced onto the chromosome by
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Figure 3.3: Mutational analysis identifies nucleotide elements important for
HlyU interaction with DNA near the exsBA cruciform forming locus. (A)
Oligonucleotides constituting a wildtype exsBA HlyU binding site, as well as a
mutant in the palindromic region (PAL1), were annealed by sequential cooling
and used as DNA targets for HlyU binding in electrophoretic mobilty shift assays
(EMSA). Arrowheads refer to distinct bands that appear upon elevated amounts
of purified HlyU. S1 and S2 indicate distinct shifted species in the EMSA assay.
(B) Schematic of the specific mutant DNA sequences compared to wildtype
(WT). Nucleotides with a coloured background identify differences from the
wildtype sequence. Perfect inverted repeat DNA sequences are underlined in
red separated by a boxed palindrome sequence. (C) Oligonucleotides of mutants
described in (B) were annealed and subjected to EMSA with and without purified
HlyU. Arrowheads refer to shifted HlyU-DNA complexes S1 and S2 All EMSA
experiments were performed at least three times with representative data images
shown.
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allelic exchange and verified by DNA sequencing. The resulting mutant strains

were compared to the parental strain, as well as T3SS-1 deficient ΔhlyU and

ΔvscN1mutants [268, 269] using protein secretion and host cell infection assays.

T3SS-1 specific protein secretion wasmarkedly reduced in eachmutant, except for

mutant IR1 which appeared slightly reduced, as detected by SDS-PAGE analysis

(Figure 3.4A). The ability of these mutants to cause cytotoxicity towards HeLa

cells during infection was significantly impaired compared to the parental strain

(Figure 3.4B). The IR1 and IV2 mutants exhibited intermediate cytotoxicity and

therefore retain intermediate T3SS-1 activity. HeLa cytotoxicity was restored

in all the mutants by complementation with exsA in trans (Table B.5), which

bypasses the effect of the chromosomal mutations. These in vivo analyses show

that mutations negatively impacting on HlyU binding produce a marked decrease

in T3SS-1 activity as measured by secretion and infection (cytotoxicity) assays.

3.3.6 HlyU Binding Attenuates a DNA Cruciform in the exsBA

Intergenic Region to Support Gene Expression

Next, we set out to determine if HlyU binding toDNA serves to attenuate cruciform

formation to support efficient gene expression. Informed by the cruciform

mapping data (Figure 3.1) and EMSA data (Figure 3.3), we aimed to generate

modified exsBA DNA constructs that could still form cruciforms but were unable

to bind HlyU, or were inefficient for HlyU binding. We reasoned that such DNA

constructs could be generated given the intermediate phenotypes consistently

observed for the IR1 and IV2 mutant bacterial strains (Figure 3.3). With this

approach, we deleted each inverted repeat element independently (∆IR1 and

∆IR2), both inverted repeat elements (∆IR1∆IR2), and the A/T rich palindrome

which centers the inverted repeat sequences (∆PAL).

The modified DNA was assessed with Palindrome Analyzer for cruciform

forming potential. This analysis revealed that each DNA construct still retained
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Figure 3.4: V. parahaemolyticus T3SS-1 protein secretion and host cell
cytotoxicity are reduced in bacteria harbouring mutations at the HlyU binding
site near the exsBA DNA cruciform forming locus. (A) Total secreted protein
profiles derived fromV. parahaemolyticus harbouring chromosomalmutations at
the HlyU binding site and cruciform locus. The specific DNA mutations are listed
in figure 3.3B and labeled accordingly for each gel lane. Proteins were visualized
by Coomassie staining. M refers to protein standard. The dominant protein
species have been previously identified from WT using mass spectrometry [268].
The experiment was performed at least three times with a representative stained
protein gel shown. (B) A LDH release assay from cultured HeLa cells was used to
determine host cytotoxicity upon infectionwith the indicatedV. parahaemolyticus
strains. Statistical significance was determined by two-way ANOVA (against WT)
using a Bonferroni test correction. **** p<0.001, n=3. ∆hlyU and ∆vscN1 are
deficient for T3SS-1 activity and were included as comparative controls.
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cruciform forming potential with comparable ∆G values ranging from 12.94

to 14.37 to the original cruciform (14.14) even with the nucleotide deletions

(Figure B.5). Proof of cruciform formation for these constructs was obtained by

demonstrating T7 endonuclease cleavage of the cloned supercoiledDNA sequences

(Figure 3.5A). This further substantiates the propensity for A/T rich DNA (>90%)

in intergenic regions to form cruciforms given appropriate base pairing and

energetic provisions [366, 371]. Furthermore, the corresponding genetic deletions

created different DNA juxtapositions for the exsBA intergenic DNA sequence

which were predicted to alter HlyU binding. Indeed, purified HlyU bound

inefficiently to the modified linear DNA fragments and required high amounts to

initiate shifts in EMSA experiments (Figure 3.5B).

Next, the corresponding modified exsBA intergenic DNA fragments were

fused to a promoter-less luxCDABE cassette in a plasmid reporter system and

assessed for luciferase expression in wild type V. parahaemolyticus. In this

system, chromosomally encoded ExsA proteins act in trans to activate the cloned

exsA promoter in the plasmid construct to support light emission. Moreover,

HlyU proteins acting in trans interact with appropriate exsBA DNA and inform

on cruciform attenuation. We observed some HlyU-independent light emission

from this plasmid system (i.e., within a ∆hlyU strain) however the level was

significantly reduced compared to wild type V. parahaemolyticus (Figure B.6)

thus demonstrating that maximal gene expression was HlyU-dependent. All

the modified exsBA intergenic DNA constructs were introduced in wildtype V.

parahaemolyticus and produced reduced light emission compared to the wildtype

exsBA intergenic sequence (Figure 3.5C). Notably, the ∆PAL construct, which

forms a cruciform but is missing the 14 palindromic nucleotides that make up the

central core of the HlyU binding site was the most negatively impacted for light

expression. The ∆IR2 and ∆IR1∆IR2 constructs supported intermediate levels of

light emission, below that of wildtype exsBADNA but higher than ∆PAL and ∆IR1.
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Figure 3.5: Genetic deletions of intergenic exsBA inverted repeat and palindrome
sequences retain cruciform formation but are altered for HlyU binding
efficiency. (A) Cruciform cleavage assays using T7 endonuclease and other
restriction enzymes. 1-undigested plasmid, 2- linearized plasmid, 3-PvuII,
4-T7 Endonuclease, 5-T7 Endonuclease followed by PvuII. T7 Endonuclease
targets cruciform structures to cause double-strand break in a two-step process.
PvuII was used as it flanks the cloned DNA and allows for restriction mapping.
Cruciform associated DNA fragments are indicated by arrowheads in lane 5 of
the respective samples. M1 and M2 are DNA molecular size standards (B) EMSA
with increasing amounts of purified HlyU protein mixed with the indicated exsBA
genetic deletion fragments. The DNA species were stained with SYBR green.
The (-) indicates no HlyU protein and therefore unshifted DNA template. (C)
Luciferase activity of plasmid constructs with genetic transcriptional fusions
to a luxCDABE cassette. The relevant exsBA intergenic deletions are indicated
and ‘exsBA’ represents the wildtype sequence. Multiple t-tests were performed
to determine statistical significance, ***: p-value < 0.01, **:p-value<0.05. All
experiments were repeated at least three times. Technical replicates are shown in
panel C.
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Combined with the T7 endonuclease cleavage results, these data indicate that

different cruciforms produce repressive structures that impact on transcription

activity. More importantly, the ability of HlyU to efficiently bind its target

sequence has a positive effect on transcriptional activity, likely by competitively

attenuating a cruciform structure.

3.3.7 HlyU is Required for ExsA Auto-activation

The HlyU binding site partially overlaps the cruciform forming locus and

constitutes a co-localized cis-genetic element that is involved in exsA gene

expression. However, the location of HlyU binding is approximately 70 base pairs

downstream of the known auto-regulatory exsA promoter [269, 296]. Based on

this positioning, it is unclear how HlyU positively impacts exsA promoter activity

however alterations to local DNA topology induced by HlyU binding could be

involved.

To better study this system and parse the role of HlyU that supports ExsA

production, we reconstituted the exsBA intergenic region in a transcriptional

luciferase reporter system within a heterologous E. coli strain (DH5αλpir) lacks

native HlyU or ExsA proteins. Recombinant plasmids coding for HlyU and ExsA

were generated, and we confirmed the expression of HlyU and ExsA in this system

by immunoblotting cell lysates (Figure 3.6A).

As expected, expression of both HlyU and ExsA in E. coli supported robust

transcriptional activity of the exsBA intergenic region asmeasuredby the luciferase

reporter (Figure 3.6B). By expressing HlyU alone in the heterologous system

(without ExsA), we identified that HlyU was necessary and sufficient to drive low

level luciferase expression (Figure 3.6B). This observation suggests the existence of

an additional cryptic promoter downstream of the ExsA autoregulated promoter.

Critically, ExsA alone was unable to generate luciferase expression from the exsBA

intergenic region, revealing that HlyU is essential to support transcriptional
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activity driven from the ExsA autoregulated promoter. This suggested that HlyU

binding to DNA is involved in the removal of a repressive DNA cruciform. Indeed,

mutations that alter HlyU binding yet maintain cruciform forming potential were

significantly reduced for exsA-luxCDABE expression (Figure 3.6C). Moreover,

these E. coli heterologous system data are in direct agreement with the inverted

repeat deletion plasmid experiments performed in V. parahaemolyticus in Figure

3.5.

3.3.8 Transcriptional Start Site Mapping Identifies a Cryptic

Promoter

The potential of a cryptic HlyU dependent promoter within the exsBA intergenic

region was very interesting in that it would theoretically support initial ExsA

production to autoregulate the ExsA-dependent exsA promoter (e.g. positive

feedback loop). To address this possibility, we mapped transcriptional start

sites (TSS) for mRNA species containing the exsA open reading frame using

5’-Rapid Amplification of cDNA Ends (5’RACE). As expected, we identified exsA

mRNA originating from near the known auto-regulatory distal exsA promoter

(Figure 3.7A,B). Notably, we discovered a shorter exsAmRNA transcript initiating

downstream of theHlyU binding site and cruciform forming locus (Figure 3.7A,B).

We then confirmed the presence of a cryptic proximal exsA promoter (P1) using a

luciferase reporter fusion. The entire exsBA intergenic region generated significant

luciferase expression consistent with the existence of the distal auto-regulatory

promoter and with previous experiments (Figure 3.7A) [269]. However, when the

auto-regulatory distal promoter P2 was removed (∆P2), the newly identified P1

promoter was still able to drive luciferase expression (Figure 3.7B). Importantly, a

hlyU null mutant generated significantly less luciferase expression from the same

luciferase reporter, indicating that the P1 promoter requires HlyU for maximal
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Figure 3.7: The exsBA intergenic region contains a autoregulatory and an internal
promoter elements that requireHlyUbinding near a cruciform to initiate a positive
transcriptional feedback loop. (A) The exsBA intergenic region drives high level
light emission from lux reporter construct in an HlyU dependent manner in V.
parahaemolyticus. (B) Deletion of the autoregulatory promoter [P2] reveals light
emission from an internal promoter that requires HlyU for maximal activity. (C)
HlyU binding to a palindromic sequence near the cruciform locus is no longer
required in the absence of H-NS to support T3SS-1 associated gene expression.
Total secreted proteins of the indicated strains were subjected to SDS-PAGE and
then stained by Coomassie blue. The indicated T3SS-1 proteins have previously
been identified by mass spectrometry analyses. (D) Schematic model of genetic
regulation of exsA within the exsBA intergenic region. 1) HlyU binds to DNA
at the exsBA intergenic region and attenuates a cruciform structure allowing the
activation of an internal promoter for exsA expression. 2) Expressed ExsA can
autoactivate a distal upstream promoter, driving a majority of ExsA expression
(3). Expressed ExsA can then drive T3SS-1 activity and host-cell cytotoxicity. DNA
sequences shown indicate the identified promoter and transcriptional start sites
from the described 5’RACE experiment.
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activity (Figure 3.7B). It is noteworthy that the HlyU-dependent P1 promoter is

located within a DNA region that directly overlaps with H-NS binding (Figure

B.7A) [307]. Collectively, these data identify at least two distinct mRNA species

which support ExsA expression. These data also address how ExsA is first

expressed through HlyU binding upstream of the P1 promoter, allowing ExsA to

positively feedback and auto-regulate the distal promoter and therefore much of

its own expression.

3.3.9 The Action of HlyU Binding at the Cruciform Locus is

Dispensable in the Absence of H-NS

We and others have previously shown that V. parahaemolyticus hnsmutants are

deregulated for exsA expression and hyper-secrete T3SS-1 proteins [269, 305].

H-NS binds an approximately 200 bp span within the exsBA intergenic region

[307]. It is possible that H-NS could mask the newly identified P1 promoter from

cellular transcriptional machinery (Figure B.7A). The exact mechanism of H-NS

gene silencing of exsA expression is unknownbut based on the large section ofDNA

coverage, it likely involves H-NS nucleation that leads to nucleofilament mediated

DNA ‘stiffening’ to silence transcription [331]. Moreover, H-NS contributes to

constraining chromosomal DNA supercoiling [365] which could also impact on

exsA expression. In support of this view, magnesium, which reduces H-NS

associated nucleofilaments [317, 380] is a potent inducer of exsA expression

and T3SS-1 activity in wild type V. parahaemolyticus [268]. Nonetheless, any

influence of magnesium on H-NSmust be synergistic with contextual HlyU action

to support T3SS-1 activity as hlyU null mutants are defective for exsA expression

and efficient T3SS-1 secretion (see Figure 3.4A) [269]. We attempted to rescue a

hlyU mutant for T3SS-1 activity by culturing it in elevated amounts of magnesium

(up to 55mM) which inhibits H-NS binding to DNA in vitro [380] but were not

successful in restoring exsA expression (data not shown). This further highlighted
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the critical role of HlyU for exsA expression and suggested synergistic actions

of HlyU binding to DNA along with a separate undefined H-NS de-repression

mechanism for efficient T3SS-1 expression.

We set out to investigate the T3SS-1 associated regulatory effect of HlyU

binding to DNA in the presence and absence of H-NS. Notably, H-NS contributes

to constrainingDNA supercoilingwhich is a requisite condition for DNA cruciform

formation [375]. We hypothesized that the important role of HlyU binding to

exsBA intergenic DNA would be dispensable for T3SS-1 activity in the absence

of H-NS. Indeed, a ∆hns∆hlyU strain exhibited deregulated T3SS-1 activity

revealed by elevated T3SS-1 proteins in a secretion assay (Figure 3.7C). Further,

a ∆hns/PAL2 double mutant where HlyU is present but unable to efficiently

bind exsBA intergenic DNA due to alteration of the target palindrome sequence,

similarly exhibited high levels of T3SS-1 secreted proteins (Figure 3.7C). In

contrast, the same PAL2 mutation in the presence of HlyU and H-NS was unable

to support efficient T3SS-1 protein secretion (i.e. PAL2, Figure 3.7C), revealing a

context specific H-NS associated phenotype for this mutation. This suggests that

HlyU binding near the site of cruciform formation is a critical event for productive

exsA expression in wild type V. parahaemolyticus with a condensed nucleoid

under typical torsional stresses. In the absence of H-NS, the strict requirement

for HlyU binding to exsBA intergenic DNA is eliminated. This suggests that in

V. parahaemolyticus, a separate but synergistic mechanism of HlyU-mediated

cruciform attenuation and H-NS activity contributes to exsA gene expression and

T3SS-1 associated virulence.

3.4 Discussion

This study reports HlyU DNA-binding at the site of a DNA cruciform as the

first step in an extensive regulatory cascade leading to T3SS-1 virulence gene
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expression in Vibrio parahaemolyticus. We propose the following mechanism

for DNA cruciform involvement in exsA expression and T3SS-1 activity in

Vibrio parahaemolyticus: 1) HlyU binding to DNA attenuates a repressive

DNA cruciform which supports internal promoter activity leading to initial low

level exsA mRNA expression, 2) initial ExsA production (mediated by HlyU

function) autoregulates the upstream exsA promoter to drive elevated exsA

transcription, and 3) high cellular levels of ExsA drives the expression of multiple

ExsA-dependent T3SS-1 gene operons [296] leading to host cell cytotoxicity

(Figure 3.7D). While the mechanism with which H-NS is de-repressed using this

model remains unclear, it is possible that changes in DNA topology by HlyU

binding at the DNA cruciform disrupt H-NS binding [318, 329–331].

In many pathogenic Vibrio species, HlyU has been proposed to alleviate H-NS

mediated virulence gene silencing by outcompeting and displacingH-NS fromA/T

rich DNA sequences [324, 327]. This view agrees with reports for Vibrio spp. DNA

binding regulators such as LuxR and ToxT [319, 323] and aligns with the roles

of DNA binding regulators in other pathogens (e.g., SsrB, Ler) [350, 381]. It is

reasonable to consider that eachDNAbinding regulator displacesH-NS associated

DNA in a contextual and localized manner. Moreover, H-NS nucleofilament DNA

formation at A/T rich regions and DNA bridging mechanisms introduce negative

DNA supercoiling and localized DNA structural changes [317]. Such conditions

overcome the energetics of DNA duplex stability to generate unpaired DNA bases

such as those found in cruciforms. We recognize our data for DNA cruciform

formation always depended on DNA supercoiling whether it was in vitro (purified

supercoiled plasmid DNA) or in vivo (CAA treated bacteria). Critically, these

observations agree with previous DNA supercoiling mechanistic studies and A/T

rich sequence requirements for DNA cruciform formation [366, 375, 382].

DNA cruciforms are very challenging to study due to the localized energy input

and base pairing requirements that contribute to their formation. We used a
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variety of traditional genetic and biochemical tools in addition to pharmacological

(novobiocin) and chemical genetic approaches (CAA treatment) to investigate the

DNA cruciform at the V. parahaemolyticus exsBA locus. Our T7 endonuclease

cruciform cleavage data was in striking agreement with model oligonucleotide

J-structure cruciform cleavage studies [383]. Specifically, we observed multiple

T7 endonuclease cruciform cleavages 3-5 nucleotides from the cruciform base

(Figure 3.1C), which is the established sequence independent location of cleavage

for this enzyme. Additional independent evidence for single stranded ‘loop’ DNA

associated with cruciforms was obtained with mung bean nuclease digestions.

We also found T7 endonuclease cleavage evidence for cruciform forming DNA in

proximity to HlyU binding sites in V. cholerae (hlyA) and V. vulnificus (rtxA1

operon region), but not for V. anguillarum (rtxH-rtxB). Palindrome analyser

indicated the putative V. anguillarum cruciform required more energy input for

cruciform formation (ΔG=17.29) compared to other Vibrio spp. (ΔG=14.14 for

V. parahaemolyticus, Figure 3.1C). This provides two possibilities: 1) that a

cruciform structure doesn’t exist at this site in Vibrio anguillarum or 2) that our

plasmid system is incapable of creating the necessary conditions for cruciform

formation outside of V. anguillarum. Nonetheless, DNA cruciforms are found

near HlyU binding sites in multiple pathogenic Vibrio spp. In the case of the V.

parahaemolyticus exsBA genetic locus, the DNA cruciform appears to operate

as a transcriptionally repressive element that requires attenuation to permit

exsA gene expression from a cryptic internal promoter that is masked by H-NS.

As T3SS-1 biosynthesis is a major cellular investment in V. parahaemolyticus

(expression of 40+ genes) [296], it follows that the entry master regulator ExsA is

tightly repressed to prevent spurious expression. Furthermore, exsA expression is

contextually de-repressed by HlyU to support coordinated T3SS-1 associated gene

expression during host infection.

Our data expands knowledge relating to HlyU-DNA binding outcomes. The
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DNA binding data along with HlyU crystal structures suggest that a core A/T

rich palindrome forms DNA major grooves to accommodate α4 helical domains

found within wHTH HlyU dimers [332, 333]. Furthermore, inverted repeat DNA

elements interact with the HlyU ‘wing’ domains to support efficient binding [345].

Notably, the IR1 mutant V. parahaemolyticus strain presented in this study is

particularly interesting as it produced an intermediate level of T3SS-1 activity and

host cytotoxicity compared to wild type bacteria. The IR1 mutation alters the

invertedDNA repeat sequence on the left side of the central core palindrome, while

the right inverted DNA repeat element IR2 is unchanged (Figure 3.3B). Our data

indicates that HlyU has reduced binding in context of IR1 altered DNA (Figure

3.3C). We speculate that this imperfect binding supported partial attenuation of

cruciform formation, thus allowing for partial exsA expression. Critically, a similar

outcome was not observed for the alterations of the DNA inverted repeat to the

right of the core palindrome DNA (i.e., IR2 mutants). The key difference between

IR1 and IR2 DNA elements is that IR1 is outside of the cruciform forming DNA

stemand loop sequences, whereas IR2directly overlaps and iswithin the cruciform

DNA locus (Figure 3.1D). While additional studies will be required to unravel

these experimental observations, it appears that HlyU binding in the immediate

vicinity of the cruciform locus produces DNA topology changes that expose a

cryptic promoter leading to exsA gene expression.

Our data supports two models for V. parahaemolyticus HlyU interaction with

cruciform forming DNA. In the first model, HlyU interacts with double-stranded

DNA and prevents the formation of a DNA cruciform by sterically hindering

annealing of cruciform stem associated nucleotides. This model is best supported

by our data, most notably by DNA-binding EMSA analysis using linear dsDNA.

The requirement of HlyU for exsA promoter activation in situ (Figure 3.6B) is also

consistent with this interpretation. An alternative possibility is that HlyU interacts

with bent DNA found at the base of the cruciform structure and destabilizes the
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cruciform directly by conformational changes induced by protein binding. Such

an interaction is possible based on studies evaluating the formation and structure

of DNA cruciforms [366, 371, 375, 383] and HlyU binding to a bent planar face

of DNA [332, 345]. We explored this possibility with in vitro studies but were

unsuccessful in showing a direct HlyU interaction with a synthetic cruciform DNA

structure (data not shown). We cannot exclude the possibility that the synthetic

DNA cruciform was improperly formed or assumed a conformation less favorable

forHlyUbinding. Therefore, the data has limitations in that it lacks a definedHlyU

mechanism for direct cruciform binding. Instead the data suggest that cruciform

attenuation is necessary for initial exsA gene expression and the process is strictly

dependent on HlyU binding to DNA. Complex biophysical protein-DNA binding

experiments, such as fluorescence-resonance energy transfer (FRET) or circular

dichroism, beyond the scope of this study will be required to test the proposed

models.

DNAcruciforms and other 4-way junctions are found in all living cells and some

plasmids and viruses.The dynamic and temporal aspects of cruciform formation

are incompletely understood however DNA supercoiling is thought to provide

energy to facilitate DNA strand extrusion at A/T rich containing regions [375].

This outcome would likely occlude or prevent RNA polymerase access to specific

DNA promoters [366]. Accordingly, specialized DNA binding proteins would

be required to act near certain DNA cruciforms to permit transcription related

activities. The data presented here newly implicate HlyU in destabilizing a

transcriptionally repressive DNA cruciform thus contextually supporting access

to a previously silenced genetic promoter. Considering that chromosomal DNA

supercoiling and A/T rich DNA are common features of intergenic regions [370,

372, 375, 384, 385], we believe that cruciform attenuation, driven by specialized

DNA binding proteins, may represent an overlooked extricating mechanism to

de-repress gene expression.
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3.5 Material and Methods

3.5.1 Bacterial Cultures and Growth Conditions

Vibrio parahaemolyticus RIMD2210633 was cultured in either LB-Miller (10g/L

tryptone, 5g/L yeast extract, 10g/L NaCl) or LBS (10g/L tryptone, 5g/L yeast

extract, 20g/L NaCl, 20mM Tris-HCl, pH 8.0). Antibiotic concentrations

used for V. parahaemolyticus are as follows: chloramphenicol (2.5 µg/mL).

V. parahaemolyticus was cultured at room temperature (22°C), 30°C, or 37°C,

depending on a given experiment’s requirements. E. coli strains were cultured in

LB-Miller at 37°C containing the following antibiotics when necessary: ampicillin

(100 µg/mL), chloramphenicol (30 µg/mL), and tetracycline (5 µg/mL).

3.5.2 Recombinant DNA Approaches

PCR and DNA cloning was performed using standard techniques. All DNA

polymerases and restriction enzymes were purchased from New England Biolabs

(NEB) unless stated otherwise. Control cloning and restriction digestion

experiments were performed in parallel for interpretation purposes.

3.5.3 in silico Cruciform Analysis

Intergenic sequences known to contain HlyU binding sites by previous studies

were selected from various Vibrio spp. and were used as input into Palindrome

Analyser - an online bioinformatics tool which identifies cruciform forming DNA

sequences and calculates the amount of energy required for cruciform formation

[376]. Our cruciform identification required a cruciform stem of at least 6 base

pairs, with a spacer/loop region of at least 10 bp. We allowed up to a single

mismatch in the cruciform stem sequences. For each sequence, the 10 (or fewer)

possible cruciforms requiring the smallest change in free energy to form are
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detailed.

3.5.4 T7 Endonuclease and Cruciform Restriction Mapping Assays

HlyU binding sites within Vibrio spp. intergenic DNA regions were evaluated

for cruciform structures by cloning PCR amplified DNA fragments or synthetic

gBlocks (Integrated DNA Technologies (IDT), see Table B.6) into pBluescript

and transforming the recombinant plasmid DNA into E. coli DH5α. Freshly

prepared supercoiled plasmid DNA was then isolated from overnight cultures

using aMonarchminiprep kit (NEB) and then immediately subjected to restriction

digestion with T7 endonuclease (NEB) which cleaves at DNA cruciforms. To

determine the approximate localization of DNA cruciform structures, a sequential

digest with PvuII (following an initial T7 endonuclease digestion) was performed

as previously described [377] followed by agarose gel electrophoresis to resolve

digested DNA fragments.

To precisely detect cruciform cleavage sites, we designed a strategy using T7

endonuclease digestion or mung bean nuclease; the latter digests single stranded

‘loop’ DNA within DNA cruciforms [373]. Briefly, supercoiled plasmid DNA was

treated with T7 endonuclease followed by reaction purification and treatment with

mung bean nuclease to remove ssDNA overhangs and blunt the DNA to a T7

endonuclease cleavage site. Linearized dsDNAwas then selectively extracted from

an agarose gel, subjected to PvuII digestion (2 PvuII sites flank theDNA cruciform)

yielding two blunt ended DNA fragments which were separately cloned into

EcoRV treated pBluescript. A similar approach using only mung bean nuclease to

detect ssDNA within cruciform ‘loops’ was also pursued. DNA sequencing of the

resultant recombinant plasmids revealed DNA cruciform cleavage sites for either

T7 endonuclease or mung bean nuclease as indicated by ligation to the EcoRV

pBluescript site.
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3.5.5 Transcriptional Reporter Assays Using exsBA DNA with

Altered HlyU Binding Potential

Synthetic gene fragments (IDT) were designed with specific nucleotide deletions

that were predicted to impact HlyU binding. The HlyU binding site is composed of

two perfect inverted repeats (ATATTAG, CTAATAT) that flank a central (core) A/T

rich palindromic sequence (TAATTTAATTTATT). Each of the altered exsBA DNA

fragments along with a wild type exsBA fragment were separately cloned into a

plasmid containing a promoter-less luxCDABE cassette to create transcriptional

reporter constructs. The corresponding plasmids were incorporated into wild

type V. parahaemolyticus. The bacteria were then cultured under T3SS-1

inducing conditions (magnesium supplementation and EGTA) [268] to induce

exsA expression. Luciferase activity derived from the lux cassette wasmeasured as

light emission 2.5 hrs post induction using a Victor X5 luminometer as previously

described [290].

3.5.6 Vibrio parahaemolyticus Chromosomal Mutant Generation

ΔhlyU and Δhns null chromosomal mutants were generated using allelic

exchange and sucrose selection as previously described [269]. Multiple DNA

fragments (IDT, synthesized gBlocks) with specific nucleotide substitutions were

designed to mutate HlyU binding site or cruciform forming locus within the V.

parahaemolyticus exsBA intergenic region on the chromosome (see Table B.5,

Table B.7 and Figure 3.3B). The DNA fragments were cloned into suicide plasmid

pRE112 and used in allelic exchange experiments. All mutant strains were verified

by DNA sequencing of PCR amplified chromosomal DNA to confirm genetic

changes.



102

3.5.7 in situ Chromosomal CruciformModification by

Chloroacetylaldehyde (CAA) Pulse-Chase Treatment

Cell permeable CAA was used to chemically modify in situ V. parahaemolyticus

chromosomal DNA cruciforms by generating nucleotide base ethenoadducts at

specific sites [379]. Specifically, CAA reacts with unpaired bases within DNA

cruciforms resulting in localizedDNAdamage. Upon removal of CAA the damaged

DNA can be assessed for effects on locus-specific gene expression. In this

pulse-chase approach, 109 stationary phase cells from an overnight culture were

harvested by centrifugation, washed in PBS (Phosphate Buffered Saline), and

then treated with 40 nM CAA (or mock-treated with PBS) for 30 min. The

cells were washed twice with PBS to remove CAA, and then immediately used

to measure exsA promoter activity by an in situ real-time quantitative luciferase

reporter assay. Cells within the population with CAA damaged DNA cruciform

lesions were expected to emit less light than a paired mock-treated sample. We

independently confirmed that a 30-min 40nMCAApulse treatment did not impair

population-based cell growth metrics as determined by OD600 readings whereas

higher concentrations were inhibitory and not pursued further (data not shown).

Moreover, maintenance of CAA treatment during active growth conditions was not

possible due to unpaired nucleotide bases associated with DNA replication events

and various RNA species. Importantly, the assay is population based so cells that

grow and repair CAA damaged DNA or suffer mutations are accounted for in the

captured data.

3.5.8 in vitro V. parahaemolyticus T3SS-1 Protein Secretion Assay

T3SS-1 protein secretion assays were performed as previously described [268]. A

characterized T3SS-1 defective strain ΔvscN1 along with ΔhlyU [269] served as

relevant controls allowing for secreted protein profile comparisons.
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3.5.9 V. parahaemolyticusHost Cell Cytotoxicity Assays

HeLa cells (ATCC) were seeded in a 24-well dish at a density of 106 cells/mL

and cultured for 16 hrs. Overnight cultures of V. parahaemolyticus strains

were grown in LB-Miller at 37°C and diluted in DMEM (Dulbecco Modified

Eagle’s Medium, Invitrogen #11995) to generate a multiplicity of infection

(MOI) of approximately 2. The cultured HeLa cells were rinsed twice with

phosphate-buffered saline (pH 7.4, ThermoFisher; 10010023), followed by the

addition of the relevant bacterial cells to initiate infection. The infection was

incubated for 4 hrs at 37°C/5% CO2. Infection supernatants were collected and

subjected to centrifugation (15000xg for 1 min) to remove bacteria andHeLa cells.

The fluorescent CyQUANT™ LDH Cytotoxicity Assay (ThermoFisher; C20302)

was used to measure lactate dehydrogenase (LDH) in the clarified supernatants

as directed by the manufacturer. Percent cytotoxicity was calculated according to

the following formula:

%Cytotoxoicity =
|Abinfection|−|Abuninfected|

|AbMaxRelease|
∗ 100

3.5.10 Recombinant HlyU-HIS Protein Purification

E. coli BL21(λDE3) containing a V. parahaemolyticus hlyU-HIS plasmid DNA

construct [269] was cultured overnight. The following day, the bacteria were

sub-cultured (1/50) and grown to an OD600 of 0.8 and then induced with 0.4

mM IPTG and cultured for an additional 3 hrs. The bacteria were harvested by

centrifugation and the cell pellet was frozen at −20°C. Cell lysates were prepared,

and nickel affinity chromatography was performed under soluble conditions

as previously described [269]. Purified HlyU-HIS was subjected to Amicon

ultrafiltration to enrich for dimeric HlyU (~22 kDa). Protein expression and

purification steps were assessed by SDS-PAGE analysis (Figure B.5).
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3.5.11 Electrophoretic Mobility Shift Assays

Electrophoretic mobility shift assays were performed as previously described

[269]. Briefly, DNA oligonucleotides (sequences found in Table B.8) were mixed

at equimolar concentrations and NaCl was added to a concentration of 50 mM

to promote proper annealing of the oligonucleotides. The oligonucleotides were

heated to 98°C followed by sequential cooling (1°C/5s) to 10°C thus generating

annealed short dsDNA fragments.

A DNA master-mix in 1X EMSA buffer (1 mM Tris, 6 mM NaCl, 0.5 mM

MgCl2, 0.01mMEDTA, 0.1mMCaCl2, 0.2% glycerol) was created for each dsDNA

fragment and mixed with variable HlyU-HIS protein amounts or buffer alone to a

final volume of 15µL. Reactions were allowed to equilibrate at room temperature

for 30min. Each reaction was subjected to TBE-PAGE for 1 hr at 100V at 4°C. Gels

were stained with 1X SYBR Green (Invitrogen) for 30 min, rinsed in distilled H2O,

and visualized with the BioRad VersaDoc platform.

3.5.12 5’ RACE

To determine mRNA transcriptional start sites in the exsBA intergenic region,

a 5’ RACE experiment was performed as previously described [386]. Vibrio

parahaemolyticus RIMD2210633 was inoculated at a starting OD600 of 0.025 in

Mg/EGTA containing LB and incubated at 30⁰C/250RPM for 3 hrs, prior to the

isolation of total RNA. Total RNA was used for reverse transcription and PCR

amplification. Primer AL400 (an exsA specific primer targeting the 3’ end) was

used for reverse transcription, and Gene Specific Primers (GSP) 1 and 2 were

designed to target the exsA coding region of mRNA templates (Table B.8).
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3.5.13 Reconstitution of exsBA Genetic Locus Transcriptional

Activity in E. coli

Luciferase based reporter plasmids containing modified exsBA sequences were

generated using standard cloning techniques (Table B.6) and were based on

a verified exsBA-luxCDABE-pVSV105 transcriptional reporter plasmid [269].

pHlyU-FLAG which expresses C-terminal FLAG epitope tagged HlyU from a

recombinant tac promoter was transformed into E. coli DH5αλpir. To generate

a FLAG epitope tagged ExsA expression construct driven by the lac promoter,

the exsA gene was PCR amplified from V. parahaemolyticus chromosomal DNA

using oligonucleotides NT387 and NT388 followed by cloning into pFLAG-CTC.

This plasmid served as template DNA in a PCR with primers NT472 and NT473

to generate exsAFL-pRK415 (for ExsA-FLAG expression). All plasmid constructs

were verified by DNA sequencing. The expression plasmids or empty control

plasmids were transformed into DH5αλpir in various combinations together with

appropriate exsBA intergenic DNA luciferase reporter plasmids (Table B.6).

Luciferase assays were performed by inoculating fresh LB with OD600

normalized overnight E. coli cultures allowing cell growth to mid-log phase (~3

hrs). One hundred μL of culture was used to measure light emission measured

as counts per second along with cell density readings (OD600). Each culture was

measured in triplicate and the experiment was repeated twice to attain statistical

significance by multiple t-test. Graphs were plotted using R and the ggstatsplot

package. An immunoblot was used to detect FLAG epitope tagged HlyU and ExsA

from cell lysates. Anti-FLAG (Sigma) and anti-sigma70 (BioLegend) antibodies

were used as primary antibodies, and goat anti-mouse HRP (Cell Signaling

Technology) as secondary antibodies. Images were captured using a Bio-Rad

VersaDoc system.
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Chapter 4

Exploring the Roles of Two Sugar Catabolism Regulators

in V. parahaemolyticus

4.1 Introduction

Bacteria sense and integrate external environmental signals and restructure

the cell to better survive and respond to the surrounding environment. This

adaptation to environmental cues is vital to bacterial survival where nutrient

sources are varied, and specialized proteins are required for nutrient transport

and catabolism. Phosphoenolpyruvate:sugar phosphotransferase systems (PTS)

are multicomponent sugar transport systems which contribute to this adaptation.

The PTS is composed of three proteins, which can be encoded individually or

fused: enzyme I (EI), histidine protein (HPr), and enzyme II (EII) [387]. EII

is itself a multicomponent enzyme consisting of 3 subunits: EIIA, EIIB, and

EIIC [388]. EII subunits can also be encoded individually or as a single protein.

These proteins coordinate a phosphotransfer cascade which terminates in the

phosphorylation of the sugar molecule as it is moved across the membrane. This

phosphotransfer cascade is initiatied when phosphoenolpyruvate (PEP) is used

to autophosphorylate EI, which in turn donates the phosphate to HPr. HPr

then donates the phosphate to the EII protein, on subunit A (EIIA), and EIIA

donates the phosphate to EII, subunit B (EIIB) [389]. EIIB, in coordination with

EII, subunit C (EIIC), catalyzes the phosphorylation of a sugar molecule while

simultaneously moving the molecule across the membrane [390].

While the PTS is important in sugar transport, these systems also act to sense

107
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sugar signals and impact gene regulation. For example, the glucose PTS in E.

coli is also used to monitor the presence and absence of glucose – the preferred

carbon source – through the phosphorylation status of theEIIA enzyme [390, 391].

Here, EIIAGlc interacts with the membrane-bound enzyme adenlyate cyclase, only

when EIIAGlc is phosphorylated in the absence of active transport of glucose by

the Glucose PTS [392, 393]. Adenylate cyclase is then activated and produces

the secondary messenger cyclic-AMP (cAMP) and drives catabolite repression

[394–396]. Intriguingly, cAMP is linked to virulence in a number of bacterial

pathogens [397–403].

ROK (repressor orf kinase) family transcriptional regulators contribute to

the regulation of many PTSs [404]. These regulators contain an N-terminal

helix-turn-helix (HTH) domain, necessary for DNA binding, a C-terminal

cysteine-rich sugar-binding ROK motif, and a dimerization interface for the

formation of homodimers [404, 405]. Protein crystal structures for a ROK

family transcriptional regulator Mlc (makes large colonies) resolved 3 domains,

where the HTH motif is found in domain 1 (aa 82-194), and the ROK motif

as well as the homodimerization domain are found in domain 3 (aa 195-380)

[405, 406]. Domain 2 and the HTH domain are involved in interaction with

other protein partners, namely the EIICBGlc subunit of the glucose PTS [407].

The sequence specificity of ROK family transcriptional regulators is determined

primarily by the amino-acid sequence in the HTH domain, however a linker

region just downstream of the HTH domain also appears important for sequence

recognition [406].

Mlc represses several PTS genes, including the glucose PTS genes ptsG and

the ptsHIcrr operon, which constitute the EIIBCGlc subunit, HPr, EI enzyme, and

soluble EIIAGlc subunit, respectively [408–412]. As well, Mlc represses malT

and manXYZ, the regulator and components of the EII enzyme of the mannose

PTS [413–415]. Mlc was first discovered in 1994, identified as a ROK family
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protein, and was named after a phenotype observed on solid media: when mlc is

expressed on a plasmid, it protected E. coli from acetate production and therefore

made larger colonies [416]. Mlc repression is alleviated when glucose is present

through the physical sequestering of Mlc to the membrane through interaction

with dephosphorylated PtsG (also known as EIIBCGlc) [409, 417]. When PtsG is

donating its phosphoryl-group to glucose, it is no longer phosphorylated, and can

sequester Mlc. In turn, when PtsG is inactive, it is in a phosphorylated state and

cannot sequester Mlc allowing it to bind its DNA targets [417].

NagC is another ROK family transcriptional regulator involved in repression

of the PTS responsible for the catabolism and transport of amino sugars,

including N-acetylglucosamine. NagC represses the nagE-nagBACD operon

in E. coli where NagE encodes the GlcNAc EIIBCA PTS components, and

NagB and NagA are involved in GlcNAc-6-P conversion to GlcN-6-P and

GlcN-6-P to fructose-6-phosphate, respectively [418–421]. NagC also activates

the glmUS operon whose protein products drive biosynthesis of glucosamine and

UDP-GlcNAc, respectively [422]. Importantly, UDP-GlcNAc is a precursor for

a variety of cell wall components including peptidoglycan and the O-antigen,

including lipopolysaccharide (LPS) [423, 424]. Unlike Mlc, DNA binding and

therefore repression or activation by NagC can be relieved by allosteric regulation

mediated by GlcNAc-6-phosphate, in both E. coli and V. fischeri [420, 421].

NagC and Mlc have similar functions in E. coli and some Vibrio species

[425–427]. For example, the Mlc homolog in V. cholerae (VC2007) can restore

repression of ptsG when expressed in E. coli mlc null mutants [425]. However,

VC2007 is not sequestered to themembrane by the dephosphorylated glucose PTS

IIBCGlc subunit, but rather by dephosphorylated NagE, the EIIBCA component

of the GlcNAc PTS [425]. VC2007 repression can also be partially alleviated by

binding to GlcNAc-6-P, which is also not characteristic of E. coliMlc [425].

While the roles of NagC and Mlc for sugar catabolism regulation are clear,
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NagC and Mlc have also been implicated in regulation of a number of other

cellular processes. In V. cholerae, mlc null mutants display disrupted biofilm

formation compared to wildtype when grown in LB, which can be restored

by complementation with either V. cholerae or E. coli Mlc [426]. In V.

parahaemolyticus NagC is involved in biofilm formation, as well as capsule

production, with a translucent colony morphology noted in a nagC mutant [423].

NagC represses GlcNAc catabolism genes in V. fischeri and V. cholerae, and

facilitates colonization of the Euprymna scolopes (Bobtail Squid) light organ in V.

fischeri [421, 427, 428]. WhilenagC nullmutants inV. fischerihad reduced fitness

in the presence of GlcNAc or (GlcNAc)2, they had no defect in sensing or swimming

towards GlcNAc [427]. Finally, regulation of T6SSs by various sugar molecules

has been described in V. fluvialis and Mlc binding sites have been predicted in

the promoter regions of T6SS-related genes in Klebsiella pneumoniae through a

bioinformatic survey [429, 430]. However, it is currently not clear if these sugar

catabolism regulators contribute to swimming or prey-killing via the T6SS in V.

parahaemolyticus.

Mlc has also been implicated in virulence regulation. Mlc indirectly

regulates genes found in the Salmonella pathogenicity island-1 (SPI-1) of

Salmonella enterica serovar Typhimurium [431]. In a complicated transcriptional

cascade, HilD de-represses the AraC/XylS transcriptional activator HilA, which

activates expression of T3SS genes involved in cellular invasion and proliferation

[432–436]. Mlc represses HilE, a protein which interacts with HilD and prevents

HilD activation of SPI-1 genes [431]. In another virulence related example, T3SS

expression in P. aeruginosa is activated by ExsA, where exsA itself is activated

at the genetic level, in part, by Vfr [403, 437]. Vfr is a cyclic-nucleotide binding

protein that binds to cAMP, which in turn allows it to interact with DNA and

regulate the expression of exsA [403]. Considering sugar transport, specifically by

the PTS, is linked to cellular levels of cAMP [390], it is likely that sugar catabolism
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regulators like Mlc might impact T3SS expression in V. parahaemolyticus as well,

although this has not been shown directly.

Altogether, little research has been conducted on NagC or Mlc in V.

parahaemolyticus, with the workmostly limited to capsule and biofilm formation,

or other phenotypes in two related Vibrio spp., V. fischeri and V. cholerae

[421, 423, 426, 427]. RegPrecise – an online, manually curated transcriptional

regulator database – identifies the NagC regulon in Vibrio parahaemolyticus to

include glmU, nagE1, ptsG, nagA, nagC, tfoX, chi, ptsHI, crr, chiA, and nagB,

among others [438]. These genes are involved in chitin degradation, GlcNAc

transport across the membrane, GlcNAc catabolism, and natural competence.

Importantly, the role of NagC identified by RegPrecise is inferred based on binding

sites identified, and many of these regulatory roles have not been experimentally

validated.

The purpose of this study was to characterize the roles of NagC and Mlc

in biofilm formation, chitin utilization, prey-killing, swimming motility, and

virulence gene expression using phenotypes in other species as a guide. I

began this work by comparing the NagC and Mlc proteins from E. coli K12 with

their homologues in V. parahaemolyticus, and generated nagC and mlc genetic

knockouts, as well as their genetic complementation constructs. I performed a

number of phenotypic assays designed to explore null nagC andmlcmutants in the

aforementioned functions. I found that NagC is involved in biofilm formation and

chitin utilization inV. parahaemolyticus, and identified an intriguing link between

NagC and T3SS-1 expression.
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4.2 Results

4.2.1 NagC and Mlc Sequences Comparisons with E. coli

Genes encoding homologues of theE. coliNagCandMlc proteins can be found inV.

parahaemolyticus and V. cholerae genomes. To better understand these proteins

inV. parahaemolyticus, the predicted amino acid sequences of bothmlc and nagC

were compared between E. coli K12, V. parahaemolyticus RIMD2210633, and V.

cholerae El Tor N16961. V. cholerae was included as previous literature on V.

cholerae mlc can be used to compare more closely the Vibrio genus functions of

these proteins with their E. coli homologues [425].

As expected, the Vibrio genus NagC (VC0993 and VP0828) and Mlc (VC2007

and VP2038) protein sequences are quite similar, with 83% identity and 89%

similarity between NagC proteins and 88% identity and 94% similarity between

Mlc proteins when compared via Needleman-Wunsch Global Align Protein

Sequences using BLAST [439, 440]. V. parahaemolyticus NagC shared 60%

identity and 64% similarity with the E. coli K12 NagC, and 46% identity and 70%

similarity with E. coliMlc. This is comparable to V. cholerae and E. coli with 60%

identity and 74% similarity between NagC proteins, and 45% identity and 69%

similarity between Mlc proteins. A protein sequence alignment was performed

using Clustal Omega, and visualized using JalView (Figure 4.1) [441, 442]. T

Highly conserved amino acids found in the ROK motif of ROK family

proteins include a conserved cysteine-rich region which coordinates a Zn2+ ion,

corresponding to H247, C257, C259, and C264 in crystal structures of E. coliMlc

[405].
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Figure 4.1: Comparison ofE. coliK12,V. parahaemolyticusRIMD2210633, andV.
cholerae El Tor N16961 Mlc and NagC Protein Sequences. Clustal Omega protein
sequence alignments were viewed and exported on JalView [441, 442]. Labels for
the helix-turn-helixmotif, linker sequence, andROKmotif are presented. The grey
box indicates an essential amino acid pair for DNA-binding [443]. Blue and red
boxes indicate conserved ROK family H and C residues important for Zn2+ binding
[405]. Symbols indicating degree of residue conservation are found below the
sequence, and are as follows: * - fully conserved, : - conservation between groups
with strongly similar properties, . - conservation between groups with weakly
similar properties. A. Comparison of Mlc protein sequences. B. Comparison of
NagC protein sequences.
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These amino acids are also conserved in both Vibrio spp. Mlc and NagC proteins,

and they are identified by the blue and red boxes in Figure 4.1. Further, conserved

GR residues in the linker-region has been implicated in DNA-binding, which is

also conserved among all of the protein sequences compared, indicated by the

grey box in Figure 4.1. Overall, the similarity between E. coli K12 and Vibrio spp.

NagC and Mlc protein sequences identify that the Vibrio spp. proteins likely have

similar functions. Indeed, previous work has shown the Vibrio cholerae mlc can

complement E. coli mlc null mutants [425].

4.2.2 NagC and Mlc are Not Responsible For Regulation of Type VI

Secretion or Swimming Motility

To better understand the function of nagC and mlc in V. parahaemolyticus,

gene deletions were generated in both nagC and mlc, and complemented strains

were developed. First, the expression of the FLAG-tag encoding nagCFL and

mlcFL complementation constructs were verified in V. parahaemolyticus by

immunoblotting (Figure 4.2A). Growth was comparable to wildtype for all strains

except the mlcFL complemented strain, which carried the mlc gene deletion and

a copy of the mlcFL gene on a plasmid (Figure 4.2B). The Δmlc complemented

strain did reach a similar, albeit slightly reduced, final OD600 reading as wildtype,

however the slope of the growth curve for the complemented Δmlc strain was less

steep than those for the other strains, taking much longer to reach the final OD600

reading. This observation indicates a growth defect in the logarithmic phase of

growth (see Discussion).

No effect on swimming motility was noted for either of the null mutants, or the

complemented nagC nullmutant after inoculation of 0.2% agar LBS plates (Figure

4.2C), similar to previous results in V. fischeri [427]. However, the complemented

mlc mutant shows reduced swimming motility compared to wildtype, which may

be related to its growth defect (Figures 4.2C and B, see Discussion).
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Figure 4.2: Growth, swimming, and prey-killing phenotypes for null mutants
of nagC and mlc. A. An immunoblot was performed on cell lysates of the
relevant complemented null mutant strains, as well as empty vector controls,
using anti-FLAG antibodies. The immunoblot was visualized on the BioRad
VersaDoc platform using BioRad ECL Western blot substrates. The strains
and plasmids are labelled. B. A growth curve in LB media as measured by
OD600 values, where the y-axis is transformed by log10. Error bars indicate
standard deviation frommean values. t-tests were performed at each timepoint to
determine statistical significance compared to wildtype, and statistical indicators
are coloured according to the strain legend (n=3, *: p<0.05, **: p<0.01). C.
Swimming assays were performed using 0.2% (w/v) agar LBS plates. Overnight
cultures were normalized for OD600 followed by inoculation into a 0.2% (w/v) agar
LBS plates. The experiment was performed 3 times and photos of representative
experiments are shown. D. A prey-killing assay was performed using E. coli
prey, and various V. parahaemolyticus predator strains. Cells were collected
following 4-hr contact between predator and prey cells, and the prey cells were
enumerated. DH5αλpir incubated without predator cells was used as a negative
control. Statistical significance was obtained using an unpaired t-test for each
strain compared to wildtype (n=3, ****: p=<0.001).
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To determine if the nagC or mlc null mutants had deficiencies in E. coli

prey-killing, the mutant and complemented strains were used for prey-killing

assays on LBS at 30°C [233]. In brief, V. parahaemolyticus and E. coli DH5αλpir

cells were mixed at a 4:1 ratio, plated on LBS agar plates, and incubated for 4

hrs. Following incubation, cells were selected on appropriate plates to determine

colony forming units of the prey E. coli cells. If the T6SS is active, E. coli colony

forming units should be significantly reduced, as shown previously by Salomon et

al. [233]. As expected, E. coli cell counts were reduced after exposure to wildtype

V. parahaemolyticus, while E. coli incubated alone form colonies at a significantly

higher rate (Figure 4.2D). No significant difference was noted between wildtype V.

parahaemolyticus and either the nagC ormlc null mutants, indicating that nagC

and mlc null mutants have no significant defect in E. coli killing (Figure 4.2D).

While this experiment is analogous to others done in V. parahaemolyticus which

showdefinitive T6SS-dependentE. coli killing, the assay presentedhere lacksT6SS

specific mutant controls, which limits the interpretation [233].

4.2.3 NagC is Responsible For Regulating Chitin Utilization, Biofilm

Formation, and T3SS-1 Activity

NagC is responsible for aspects of biofilm formation and for an opaque colony

phenotype in V. parahaemolyticus [423], as well as for chitin utilization in other

Vibrio spp. [76, 427]. As such, the roles of nagC and mlc in biofilm formation

and chitin utilization were explored. Indeed, a nagC null mutant was unable

to generate biofilms comparable to wildtype, and can be complemented by the

re-introduction of nagC on a plasmid (Figure 4.3A). The mlc mutant does not

appear to have a defect in forming biofilms on glass tubes, however reintroduction

of mlc in trans, slightly increased biofilm accumulation on glass tubes (Figure

4.1A). Conversely, in V. cholerae, Mlc regulates biofilm formation V. cholerae in

similar growth conditions [426].
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nagC null mutants appear de-repressed for chitinase secretion, as noted

by the larger zone-of-clearing (ZOC) on chitin containing MM9 agar plates

compared to wildtype (Figure 4.3B). This appears to be nagC specific, as the

complemented strain (ΔnagC/nagCFL) resembles the ZOC seen in wildtype and

apperas to restore the wildtype phenotype (Figure 4.3B). This is consistent with

previous literature that NagC is a repressor of chiA, an important chitinase in V.

parahaemolyticus [421]. mlcmutants did not appear to have an appreciable effect

on chitinase secretion (Figure 4.3B).

In P. aeruginosa, an analogous T3SS to the T3SS-1 of V. parahaemolyticus

is activated by the expression of ExsA, in which exsA is under the control of

a cAMP-binding protein called Vfr [403, 437]. Sugar transport, specifically by

the PTS, is linked to cellular levels of cAMP [390]. As well, Mlc is linked to

hilE repression in S. enterica serovar Typhimurium, which in turn promotes

T3SS activation. Therefore, I considered the possibility that NagC or Mlc

in V. parahaemolyticus might regulate exsA and T3SS-1 expression as well.

Indeed, when the nagC null mutant is generated in the tdh::exsBA-luxCDABE

V. parahaemolyticus parent strain, exsA expression was reduced at 2 hours

compared to wildtype in Mg2+/EGTA containing media (Figure 2.3C). However,

at 2.5 hours, this reduction was no longer present. Complementation of nagC

in trans restored exsA expression to slightly above wildtype levels at the 2 hour

timepoint (Figure 2.3C). Importantly, the difference between the ΔnagC and

ΔnagC/nagC-FL complemented mutants was statistically significant at 2 hours,

but not at 2.5 hours (Figure 2.3C). Additionally, mlc null mutants behave in

opposition to ΔnagC displaying similar exsA expression towildtype at 2 hours, and

increased exsA expression at 2.5 hours (Figure 2.3C). Expression of mlc in trans,

however, almost completely abrogated exsA expression, similar to the hlyU::Tn

strain (Figure 2.3C). It is unclear whymlc complementation would influence exsA

expression, considering no difference was observed in themlc null background
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Figure 4.3: Biofilm formation, chitin utilization, and exsA expression phenotypes
for the nagC and mlc null mutants. A. Biofilms were generated in glass tubes by
inoculating V. parahaemolyticus strains or an E. coli control to an initial OD600

of 0.025 into LB. Cells were incubated at 37°C/200RPM for 16 hrs. Following
incubation, biofilms were stained with crystal violet, washed, and destained with
95% ethanol. Measurements were taken at OD565 and statistical significance
measured by unpaired t-test (n=2, *: p<0.05). B. Chitinase secretion and activity
was assayed by zone-of-clearing. Overnight cultures were normalized by OD600,
and spotted onto MM9 agar plates containing colloidal chitin. Photos were taken
after 7 days incubating at 30°C. Black lines indicate the circumference of the
zone-of-clearing for each strain. C. hlyU::Tn, as well as nagC and mlc null
and their complemented strains in the tdh::exsA-luxCDABE background were
subjected to a luciferase assay in Mg2+/EGTA containing LB and luminometry
and cell density were measured at 2 and 2.5 hrs. Both CPS (counts-per-second)
and OD600 were measured to allow for cell number normalization. Statistical
significance was determined between the nagC null and nagC complemented
strains using an unpaired t-test (n=2, **:p<0.01).
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(see Discussion).

4.2.4 Deletion of nagC ormlc Does Not Affect Cytotoxicity Against

Two Human Cell Lines

Provided the ΔnagC strains reduction in exsA activity was only observed at early

expression timepoints, I characterized the ability of both nagC and mlc null

mutants to generate functional T3SS-1 needles and drive cytotoxicity against

human cells. To accomplish this, I used well established human cell cytotoxicity

assays against two standard human cell lines: HeLa - a human epithelial cell line,

HT29 - a human colonic cancer cell line (Figure 4.4). Cytotoxicity against both cell

lines was observed, as expected, for the wildtype positive control. The ΔhlyU stain

was used as a negative control as it is unable to express exsA and therefore does

not cause cytotoxicity as observed (Figure 4.4) [269]. The ΔnagC, complemented

ΔnagC, and the Δmlc mutants showed no significant defect in cytoxicity when

compared to wildtype for HeLa cell infection or HT29 cell infection (Figure 4.4).

However, the complemented Δmlc strain had reduced cytotoxicity against HeLa

and HT29 cells (Figure 4.4; see Discussion).

The lack of significant differences in cytotoxicity for the null mutants of nagC

andmlc are intriguing, given the previous finding that exsA expression is reduced

in the nagC null mutant. This discrepancy may be explained by the feed-forward

nature of exsA. Once enough exsA is expressed in the cell, it can auto-regulate its

own promoter and drive sufficient exsA expression for T3SS-1 expression by the

end of the 4 hour infection assay (see Discussion).
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Figure 4.4: Deletion of nagC ormlc inV. parahaemolyticus does not affect T3SS-1
mediated cytotoxicity. V. parahaemolyticus strains were used to infect HeLa
(A.) or HT29 (B.) human cell lines at an MOI of approximately 5. All strains
carried pVSV105 or a complementation construct in the same background plasmid
vector as labelled. Infection progressed for 4 hrs prior to the measurement of
released LDH to measure host-cell cytoxicity. ΔhlyU was used as a negative
control. Statistical significance was determined between wild-type and the
null/complemented strains using an unpaired t-test. (n=3, *: p<0.05, **: p<0.01,
***: p<0.001, ****: p<0.0001)
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4.2.5 crp Deletion Mutants Phenocopy the ΔnagCMutants for exsA

Expression

Given that the ΔnagC mutant appears to have an exsA expression defect, and

that nagC is involved in the expression of the GlcNAc-specific PTS, I wanted

to more directly explore the role of PTS-regulated secondary-messenger cAMP

on exsA expression. To accomplish this, I generated a crp gene deletion in the

tdh::exsA-luxCDABE background, aswell as a complemented strain, and subjected

them to growth and exsA expression assays. A growth curve comparing the growth

of the hlyU::Tn, Δcrp, and Δcrp/crp strains to the wildtype background is shown

in Figure 4.5A. Notably, the crp null mutant failed to reach the same final OD600

values as the wildtype background, and cell growth can be restored by supplying

crp in trans. This is perhaps not unexpected as Δcrp mutants have been shown

to have pleitropic effects on virulence, growth, capsule production, protease and

hemolysin expression, and mouse lethality in V. vulnificus [444].

To determine the effects of the Δcrp mutant on exsA expression, a luciferase

assay was performed using the chromosomal tdh::exsA-luxCDABE strains in exsA

inducing conditions. CPS and OD600 was measured every 30 minutes for 270

minutes for the wildtype and hlyU::Tn mutant – serving as positive and negative

controls respectively – as well as the Δcrp and Δcrp/crp complemented strains

(Figure 4.5B). A sharp jump in exsA expression was identified beginning at

around 30 minutes for the wildtype strain, which eventually levels out after 150

minutes as expected [269]. The hlyU::Tn mutant is significantly defective for

exsA expression as previously identified (Figure 4.5C). The Δcrpmutant appeared

to have an intermediate phenotype, even after correction of growth deficits by

OD600 values, and was significantly reduced compared to wildtype (Figure 4.5B).

Complementation with crp in trans restored exsA expression nearly to wildtype,



122

Fi
gu
re
4.
5:
cr
p
de
le
ti
on

m
ut
an
ts
ex
hi
bi
tr
ed
uc
ed

ex
sA

ac
ti
vi
ty
A
.A

gr
ow
th
cu
rv
e
in
LB

m
ed
ia
w
as
pe
rf
or
m
ed

fo
r
va
ri
ou
s

st
ra
in
s
an
d
w
ild
ty
pe
in
th
e
td
h:
:e
xs
A
-l
ux
C
D
A
B
E
ba
ck
gr
ou
nd
s.
C
el
ls
w
er
e
no
rm

al
iz
ed
to
an

O
D
60
0
of
0.
02
5,
in
oc
ul
at
ed
in
to

tr
ip
lic
at
e
w
el
ls
of
a
96
-w
el
lp
la
te
,a
nd

in
cu
ba
te
d
at
37
°C

in
th
e
V
ic
to
rX
5
M
ul
ti
la
be
lp
la
te
re
ad
er
fo
r
48
0
m
in
.9
6-
w
el
lp
la
te

lid
s
w
er
e
tr
ea
te
d
to
pr
ev
en
t
co
nd
en
sa
ti
on

bu
ild
-u
p
pr
io
r
to
in
oc
ul
at
io
n.

St
at
is
ti
cs
w
er
e
pe
rf
or
m
ed

us
in
g
t-
te
st
s
ag
ai
ns
t

w
ild
ty
pe

at
ea
ch

ti
m
ep
oi
nt

(n
=
3,
*:

p
<
0.
05
;
**
:
p
<
0.
01
;
**
*:

p
<
0.
00
1;
**
**
:
p
<
0.
00
01
).

St
at
is
ti
ca
l
in
di
ca
to
rs

ar
e
co
lo
ur
ed

as
in
th
e
le
ge
nd
.
E
rr
or
ba
rs
in
di
ca
te
st
an
da
rd

de
vi
at
io
n
fr
om

th
e
m
ea
n
va
lu
es
.
B
.L
uc
ife
ra
se
as
sa
ys
w
er
e

pe
rf
or
m
ed

in
M
g2

+
an
d
E
G
TA

co
nt
ai
ni
ng

LB
us
in
g
th
e
sa
m
e
st
ra
in
s
as
A
.C
el
ls
w
er
e
no
rm

al
iz
ed

to
a
st
ar
ti
ng

O
D
of
0.
02
5,

an
d
pi
pe
tt
ed

in
to
96
-w
el
lp
la
te
s
w
it
h
tr
ea
te
d
lid
s
to
pr
ev
en
t
co
nd
en
sa
ti
on

bu
ild
-u
p.

C
el
ls
w
er
e
in
cu
ba
te
d
at
30
°C

in
th
e

V
ic
to
r
X
5
M
ul
ti
la
be
lp
la
te
re
ad
er
an
d
lu
m
in
om

et
ry
an
d
ce
ll
de
ns
it
y
m
ea
su
re
m
en
ts
w
er
e
pe
rf
or
m
ed

ev
er
y
30

m
in
fo
r
27
0

m
in
.S
ta
ti
st
ic
s
w
er
e
pe
rf
or
m
ed

as
in
A
.(
n=
3)



123

with most timepoints lacking statistically significant differences in CPS/OD600

values compared to wildtype (Figure 4.5B). Taking together, it appears that

expression of exsA is dependent on crp.

We have previously shown that HlyU acts in a kick-start mechanism to

push the expression of exsA and generate ExsA, which in turn auto-activates

itself [269, 291]. Given the early impact of ΔnagC on exsA expression, it

is reasonable to consider that this phenotype may have to do with successful

expression of HlyU and activation of the auto-regulation feedback loop. To

investigate this, the region distal to the hlyU open-reading frame, containing the

hlyU promoter, was searched for the CRP consensus binding site from E. coli

(TGTGAN6TCACA). Indeed, an almost perfect consensus sequence for CRP was

identified 325bp upstream of the HlyU gene in the C-terminal coding sequence of

nhaR (Figure 4.6A). The sequence identified (TGTGATGCTGATTTCA) varies from

the consensus site by 2bp (Figure 4.6A).

To further link CRP to hlyU expression, a his-tagged CRP construct was

generated in the pET21 vector, transformed into BL21(DE3) E. coli, and expressed

using IPTG induction. The successful induction of an apparent 24.5kDa protein is

seen in BL21(DE3) E. coli after a 2 hour incubation in LB containing IPTG (Figure

4.6B, lane 2)when compared to cells before inductionwith IPTG (Figure 4.6B, lane

1). Subsequent cell collection and lysis (Figure 4.6B, lane 3) showed a protein band

corresponding to the same protein with an apparent molecular weight of roughly

24.5 kDa. This is consistent with the predictedmolecular weight of CRP-HIS based

on the AA sequence encoded by the crp gene. This protein was no longer present

after column binding (Figure 4.6B, lane 4). Subsequent wash steps appeared to

elute non-specific protein products (Figure 4.6B, lanes 5-7), and finally elution of

the apparent 24.5kDa protein, as seen in the induction in lanes 2 and 3, is shown

in Figure 4.6B, lane 8.
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Figure 4.6: CRP-HIS EMSA demonstrates DNA-binding to the hlyU promoter.
A. The consensus binding site for CRP from E. coli was identified upstream
of hlyU in V. parahaemolyticus. The DNA sequence within the C-terminus
coding region of nhaR is shown and the E. coli CRP consensus sequence is
indicated above in bold. The sequence provided shows the consensus CRP site
in the V. parahaemolyticus genome in red, and identical nucleotides are labelled
with asterisks, while non-identical nucleotides are indicated with dashes. The
EMSA fragment generated for CRP-HIS DNA-binding experiments in C. and
D. is depicted schematically below. B. IPTG Induction and purification of the
HIS-tagged CRP protein expressed in BL21(DE3) E. coli was performed and
samples were subjected to SDS-PAGE, followed by Coomassie staining. The
lanes contain the following samples: Marker (M), pre-IPTG induction E. coli
lysate (1), 2 hr post-IPTG induction E. coli lysate (2), post-induction E. coli
lysate before column treatment (3), lysate column-flowthrough (4), column wash
steps (5-7), and CRP-HIS elution (8). The molecular weight of marker proteins
is also indicated. hlyU promoter DNA was subjected to EMSA through an
8% TBE-polyacrylamide gel with increasing concentration of either BSA (C.) or
CRP-HIS (D.). The first lane in each gel contains a DNA-only control and is
indicated by a dash. Both gels were visualized using ethidium bromide staining
and photos were taken on the BioRad VersaDoc platform.
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The purified CRP-HIS protein product was used to perform an EMSA on a

403bp PCR product obtained from the promoter region of hlyU, which includes

the putative CRP binding site (Figure 4.6A). EMSA performed using a non-specific

protein BSA, in the presence of cAMP, generated no shift in the DNA product is

shown (Figure 4.6C). However, EMSA performed using CRP-HIS, in the presence

of cAMP, generated a shift in the hlyU promoter DNA fragment with increasing

CRP-HIS concentrations (Figure 4.6D). This indicates that CRP-HIS binds to hlyU

promoter DNA (see Discussion).

4.3 Discussion

NagC and Mlc are important regulators of sugar transport via the PTS, as well

as sugar catabolism in a variety of bacterial species. Here, we show that NagC

and Mlc have important functions in V. parahaemolyticus and share similar

functions toNagC andMlc proteins in otherVibrio spp., namelyV. cholerae andV.

fischeri [421, 423, 426, 427, 445]. We confirmed that NagC is involved in biofilm

formation and chitin utilization in Vibrio parahaemolyticus, as expected [423].

Interestingly, mlc null mutants lacks biofilm defects like those seen in Vibrio

cholerae, although the increase in biofilm formation noted upon complementation

was replicated here (Figure 4.3B) [426]. Mlc regulation of Vibrio polysaccharide

(VPS) in V. cholerae occurs through repression of the EI component of the PTS as

EI is itself responsible for repressing the vps genes [445]. Two distinct possibilities

arise for why mlc gene deletions in Vibrio parahaemolyticus might not disrupt

biofilm formation: 1) Mlc does not regulate the same EI PTS components in V.

parahaemolyticus as in V. cholerae, or 2) the EI PTS components which repress

vps in V. cholerae do not repress vps in V. parahaemolyticus. This will need to

be explored in future work. Further, neither NagC or Mlc appear to be involved

in prey-killing in V. parahaemolyticus and their deletion does not effect growth in



126

rich media.

However, complementation with mlc in trans appears to cause a significant

growth defect, either due to some inherent toxicity of the mlc protein when

expressed exogenously, or through a natural growth-inhibition mechanism. Mlc

is responsible for repressing a number of genes involved in glucose transport

(ptsG and ptsHIcrr for example) in E. coli and Mlc repression is relieved by

interaction with NagE (a GlcNAc-specific PTS subunit), as well as interaction

with GlcNAc-6-P in V. cholerae [411, 425]. Given that ptsG and ptsHIcrr are

likely not necessary for growth in LB, and GlcNAc-6-P is not present in our LB

growth conditions, it is possible that overexpression of Mlc is causing strong

repression of other genes which are necessary for growth, or activation of genes

which generate a growth disadvantage. Indeed, based on theWestern blot analysis

of the complemented strains FLAG-tagged proteins, it appears that Mlc-FLAG

may be overexpressed compared to the NagC-FLAG protein, although true loading

controls for the western blot are required to confirm this in V. parahaemolyticus.

Perhaps more pertinently, it is unclear if there are copy number effects from the

complementation on a plasmid, and if expressing Mlc-FLAG would have a similar

effect on cell growth in the wildtype background. This growth defect will need to

be explored further in future studies.

Of particular interest to us, the nagC null mutant appears to have a defect

in early exsA expression, while the mlc mutant appears to have enhanced exsA

expression at both the 2 and 2.5 hour timepoints (Figure 4.3C). While the

expression of exsA can be restored in the nagC null complemented mutant, mlc

complementation completely abrogates the expression of exsA. The complemented

mlc mutant does have a well-documented growth defect in our hands, and

therefore themlc complementationmay impact exsA expression through a similar,

unknown fashion. However, exsA expression changes in the ΔnagC and Δmlc

mutants do not have an impact on the function of T3SS-1, as infection assays
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against both human epithelial cell lines (HeLa) and human colonic cell lines

(HT29) generate cytotoxicity in both mutants (Figure 4.4). Therefore it appears

that while exsA expression is reduced in the ΔnagC mutant, enough ExsA is

expressed to allow for T3SS-1 expression, protein secretion, and subsequent

cytotoxicity.

NagC and Mlc both regulate the expression of PTS components. Changes

in the homeostasis of PTS components in the cell can, in turn, impact cAMP

concentration in the cell. In E. coli, the production of cAMP drives catabolite

repression, where cAMP will bind to cyclic-AMP receptor protein (CRP) and

through this binding, CRP can interact with DNA at sites where it can either

enhance expression of genes (through interaction with and recruitment of RNA

polymerase) or repress genes. Virulence in a number of bacterial species is under

the control of cAMP, including Vibrio vulnificus, Vibrio cholerae, Salmonella

enterica serovars Abortusovis and Typhimurium, Yersinia enterolitica, and

Pseudomonas aeruginosa [397–403, 431]. Specifically, previous work that indicts

cAMP in the regulation of T3SSs is found in another pathogen, P. aeruginosa

[403], which provided some rationale for the following: that modified cAMP

homeostasis in the nagC andmlcmutants is driving the change in exsA expression

seen in thesemutants through cAMP receptor protein. Indeed in a crpnullmutant,

exsA expression is reduced, even when corrected for cell growth. Indeed, crp

null mutants can be complemented, indicating that wildtype exsA expression is

dependent on crp.

Given the opposing impacts on exsA expression in the nagC and mlc null

mutants, it is possible the the differential expression of various PTS system

components, by either NagC or Mlc, are driving differential changes to cAMP

homeostasis. This regulatory system requires significant additional investigation.

Most importantly, the regulon for both NagC and Mlc need to be characterized

with experimental data in order to understand how cAMP homeostasis might be
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impacted. Characterization of the NagC and Mlc regulon, perhaps by RNA-seq,

ChIP-Seq, or a targeted qPCR approach, would showhow expression of the various

PTS systems are modified in these mutants (See Chapter 6 Discussion). As

well, to provide further evidence of the role of cAMP during exsA expression,

intracellular concentrations of cAMP in these mutants during exsA expression

conditions should be characterized.

Finally, the delayed start of exsA expression in both the nagCmutant implicate

HlyU as the target of cAMP-CRP regulation and exsA expression. I have previously

identified that HlyU acts as a kick-start protein to drive early expression of exsA

[269, 291]. I considered the possibility that hlyU expression could be under the

control of cAMP-CRP, and reduced expression of hlyU early in exsA induction is

driving the delay in exsA expression in the ΔnagC mutant. Indeed, a near perfect

CRP consensus site was identified in the hlyU promoter region, and CRP appears

to bind to hlyU promoter DNA. Our data identify that not only does a Δcrpmutant

have reduced exsA expression, as well as a delayed start to exsA transcription, but

that his-tagged CRP indeed binds to hlyU promoter DNA. To better identify if

CRP binding to the hlyU promoter is indeed cAMP dependent, this experiment

should be repeated in the absence of cAMP. As well, if CRP is indeed binding

to the near-perfect consensus sequence at the hlyU promoter, mutation of the

CRP consensus sequence should prevent CRP binding in the presence of cAMP.

Whether cAMP-CRP binding represses or activates HlyU is also not yet clear,

however, the CRP consensus site identified in Figure 4.6A is upstream of the

hlyU open reading frame, likely implicating it in recruiting RNA polymerase and

enhancing or activating expression of hlyU. HlyU promoter expression assays

using the luxCDABE reporter in the crpnullmutant could help explore this further.

While it is clear that future work will need to be undertaken to complete

this study, I have thus far implicated nagC as a vital regulator for Vibrio

parahaemolyticus chitin utilization, biofilm formation, and indirectly T3SS-1
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expression. Further, I have shown that unlike V. cholerae, mlc in V.

parahaemolyticus does not appear to be involved in biofilm formation, indicating

an interesting difference in biofilm formation between these two related species

[426]. Finally, I have provided evidence that crp is involved in T3SS-1 expression

likely through DNA-binding, and transcriptional control of, hlyU.

4.4 Materials and Methods

4.4.1 Bacterial Strains and Culture Conditions

Culture conditions are as previously described (See Sections 2.5.1 and 3.5.1) [269,

291]. A list of bacterial strains and plasmids used in this study can be found in

Table 4.1.

4.4.2 Recombinant DNA Techniques and Allelic Exchange

Gibson assembly was performed using previously described methods [446].

Primers for the generation of PCR products were designed using the NEBuilder

tool, and were verified for the absence of hairpins which had stability greater

than 45°C using the OligoAnalyzer tool (IDT). A list of oligonucleotides can be

found in Table 4.2. For gibson assembly, both 5X ISO buffer and Gibson assembly

master mixes were prepared. 5X ISO buffer was prepared by mixing thoroughly

3mL 1M Tris-HCl (pH 7.5; Sigma), 150μl 2MMgCl2 (Sigma), 240μl 100mM dNTP

mix (25mM each: dGTP, dCTP, dATP, dTTP; NEB), 300μl 1M DTT (Sigma), 1.5g

PEG-8000 (Sigma), and 600μl 50 mM NAD (NEB), followed by distilled H2O to

a final volume of 6mL. 5X ISO buffer was stored at -20°C. A Gibson assembly

master mix was generated by mixing 320μL of 5X ISO buffer,0.64μl 10 Unit/μl T5

exonuclease (NEB), 20μl 2 Unit/μl Phusion polymerase (NEB), 160μl 40 Unit/μl

Taq DNA ligase (NEB), and distilled H2O to a final volume of 1.2mL.
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15μL Gibson assembly master mix aliquots were stored at -20°C. Purified PCR

products, along with linearized plasmid vector were added to the Gibson assembly

master mix at a 2:1 PCR product/plasmid ratio, using calculated moles of DNA

product to ensure accuracy using the following formula:

dsDNA(mol) =
dsDNA(µg)

(dsDNA(bp)•617.96(g/mol/bp))+36.04g/mol

Gibson assembly reactions were made up to 20μl and incubated for 1 hr at 50°C.

Δcrp-pRE112 was generated using Gibson assembly. Two DNA fragments,

were amplified by PCR using the RIMD2210633 genome as template, Q5

polymerase (NEB) and oligonucleotides CRP1/CRP2 for the region immediately

upstreamof crp andCRP3/CRP4 for region immediately downstreamof crp (IDT).

By design, these two PCR fragments have homology to each other at the site of the

crp allele deletion, as well as the pRE112 vector at the opposing ends, for use in a

gibson assembly reaction. The pRE112 vector was pre-treated with SacI-HF (NEB)

to linearize the vector prior to gibson assembly as described above.

The crp-pET21 CRP-HIS expression construct and the crp-pVSV105

complementation construct were generated by standard cloning techniques. The

crp ORF from the RIMD2210633 genome was first PCR amplified using Phusion

polymerase (NEB) and oligonucleotides NT482/NT483 (IDT), generating a crp

allele without its native stop codon. Following, the PCR fragment was cloned

into the NdeI/XhoI sites of pET21 to generate crp-his-pET21. A crp-pVSV105

complementation construct was generated by PCR amplifying the crp gene

and immediate upstream intergenic region from RIMD2210633 using oligos

NT480/NT481 (IDT) and Phusion polymerase (NEB). Following, the PCR

product was phosphorylated using T4 PNK (NEB) according to manufacturer

instructions. pVSV105 was digested using Eco53KI, and dephosphorylated

using recombinant shrimp alkaline phosphatase (rSAP; NEB) according to

manufacturer instructions. The phosphorylated PCR product and linearized,

dephosphorylated pVSV105 were subjected to blunt end ligation with T4 DNA
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ligase, generating crp-pVSV105.

ΔnagC-pRE112 and Δmlc-pRE112 were generated using standard cloning

techniques. The immediate upstream and downstream regions of the nagC and

mlc genes were amplified from the RIMD2210633 chromosome using Phusion

polymerase (NEB). For the PCR products immediately upstream and downstream

of nagC, oligos NT431/NT432 and NT433/NT434 were used, respectively. For

the PCR products immediately upstream and downstream of Δmlc, NT415/NT416

and NT417/NT418 were used, respectively. Following, the PCR products for

each gene deletion were digested with NdeI, followed by heat-inactivation of the

enzyme, and ligated with T4 DNA ligase at room temperature for 1 hr. Finally,

a PCR reacton using the flanking oligonucleotides NT431/NT434 for the ΔnagC

allele, andNT415/NT417 for Δmlc allele was performed using Phusion polymerase

(NEB). These null alleles were cloned into pRE112 using the SacI/KpnI restriction

sites.

Complementation constructs for the nagC and mlc null mutants were

generated using standard cloning techniques. The C-terminal FLAG-tag encoding

nagC gene (nagCFL) was generated by first amplifying a PCR product containing

the nagC ORF using the RIMD2210633 genome as template, Phusion polymerase

(NEB), and oligonucleotides NT435/NT436 (IDT). Following PCR amplification,

the fragment was cloned into the XhoI/KpnI sites of pFLAG-CTC, generating

nagCFL-pFLAG-CTC. nagCFL was PCR amplified from nagCFL-pFLAG-CTC

using NT140/NT435 and cloned into pVSV105 into the SphI/Eco53KI restriction

sites, generating nagCFL-pVSV105. To generate a C-terminal FLAG-tag encoding

mlc gene (mlcFL), mlc was PCR amplified using the RIMD2210633 genome

as template, Phusion polymerase (NEB) and oligonucleotides NT413/NT414

(IDT). Following, the PCR fragment was cloned into the HindIII/KpnI sites of

pFLAG-CTC, generatingmlcFL-pFLAG-CTC. Following,mlcFLwasPCRamplified

from mlcFL-pFLAG-CTC using Phusion polymerase (NEB), and oligonucleotides
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NT140/NT439 (IDT). The PCR product was then cloned into pVSV105 in the

SphI/Eco53KI restriction sites, generatingmlcFL-pVSV105.

4.4.3 Protein Sequence Comparison and Bioinformatics

Protein sequences were pulled from the NCBI gene database using the reference

strains for V. parahaemolyticus (NCBI Accession: NC_004603.1), V. cholerae

(NCBI Accession: NZ_LT906614.1), and E. coli K12 (NCBI Accession: U00096.3)

and compared with one another by BLAST to determine sequence identity and

similarity [439, 440]. Following, the protein sequences were compared using

Clustal Omega to perform an alignment. Clustal alignments were viewed and

exported using JalView [448].

4.4.4 Allelic Exchange

Allelic exchangewas used to generatemutant strains as previously described [269].

pRE112 suicide vectors were transferred to V. parahaemolyticus RIMD2210633

recipients via conjugation, and cells which crossed the plasmid into the

chromosome were selected for using chloramphenicol (5μg/mL) containing LBS

agar. Following, sucrose selection on 5% sucrose LB agar plates was performed,

and colonies were screened for chloramphenicol sensitivity indicating that they

had lost the integrated pRE112 plasmid. Strains were screened for deletion events

by PCR.

4.4.5 Prey-Killing Assays

Prey-killing assays, which are T6SS dependent in Vibrio parahaemolyticus

RIMD2210633, were performed according to previously publishedmethods [233].

Briefly, V. parahaemolyticus strains were mixed with E. coli DH5αλpir prey cells

at a 4:1 ratio after normalizing to an OD600 of 0.5. Cell mixtures were plated
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in a puddle on LBS agar and incubated at 30°C for 4 hrs. E. coli prey were

enumerated by serial dilution on selective media (chloramphenicol 30 μg/mL).

DH5αλpir carried pVSV105 to allow for chloramphenicol selection of E. coli cells.

4.4.6 Immunoblotting

nagCFL-pVSV105 and mlcFL-pVSV105 carrying nagC null and mlc null strains

of V. parahaemolyticus, as well as VSV105 empty vector controls, were subjected

to whole cell lysates and immunoblotting after overnight growth in LBS at 37°C.

Whole cell lysates were generated by 10-fold dilution of overnight culture in 2x

ESB (4% SDS, 20% glycerol, 0.004% bromphenol blue, 0.125M Tris-Cl, (pH

6.8), 10% 2-mercaptoethanol), followed by SDS-PAGE to separate proteins by

molecular weight. Following, the proteins were transferred to a nitrocellulose

membrane (BioRad) using a semi-dry Transblot SD Transfer Cell (BioRad). The

nitrocellulose membrane was blocked in 5% skim-milk powder in TBS-Tween

(w/v) and then probed using mouse anti-FLAG antibodies followed by horse

anti-igG(Ms) antibodies conjugated to horseradish peroxidase (HRP). HRP was

probed using BioRad ECL Western blot substrate kit (BioRad), and visualized on

the BioRad VersaDoc platform.

4.4.7 Swimming Motility Assays

Swimming motility assays were performed as previously described [449]. V.

parahaemolyticus strains were normalized for OD600 to 0.05 and inoculated by

stab into a 0.2% w/v agar LBS plates. The swimming ability of each strain was

documented by photography after incubation at 37°C for 5 hrs.
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4.4.8 Biofilm Formation Assays

Biofilm assays were performed as previously described with minor modification

[165, 423]. Overnight cultures of V. parahaemolyticus strains, and the E. coli

control strain, were inoculated into LB with the appropriate antibiotics, in glass

tubes. Culture density was normalized to an OD600 of 0.025 and incubated for

16 hrs at 37°C, 200RPM. Following, the liquid culture was removed from the

tubes and gently rinsed with PBS (137mM NaCl, 2.7mM KCl, 10mM Na2HPO4,

and 1.8mM KH2PO4) to remove leftover planktonic cells. Following, biofilms

were stained with 5mL 0.5% crystal violet (w/v, Sigma) for 30 min, followed by

two rinses with 5mL PBS to remove excess crystal violet from the tubes. The

biofilms were destained with 3mL of 95% ethanol. Absorbance at 565nmwas then

measured in a 1cm cuvette using the Biophotometer Plus (Eppendorf).

4.4.9 Chitinase Secretion/ZOC Assays

Chitinases are extracellularly secreted enzymes, and as such they degrade chitin

in agar plates surrounding areas of V. parahaemolyticus growth. To measure

chitinase activity in various V. parahaemolyticus strains, overnight cultures of

the various strains were prepared, normalized for OD600, and spot plated onto

MM9media containing colloidal chitin at 5% (w/v). Cells were allowed to incubate

at 30°C for 7 days and the chitin ZOC generated by the various strains were

photographed.

4.4.10 exsA Expression Luciferase Assays

exsA expression assays were performed in 96-well plate format following protocols

previously established [269, 290]. Overnight cultures were prepared and

normalized to an OD600 of 0.025 in LBmedia supplemented with 15mMMg2+ and

5mM EGTA. 100μL aliquots were pipetted into triplicate wells of a clear 96-well
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plate. The lid of the 96-well plate was treated with 0.05% Triton-X100 (Sigma)

in 20% ethanol to prevent condensation from building up on the plate lid during

incubation, and thoroughly dried before covering the 96-well plates. Cells were

incubated at 30°C in the VictorX5 2030 Multilabel plate reader (Perkin-Elmer),

and luminometry and cell density measurements (counts per second (CPS) and

OD600) were taken every 30 min for 270 min.

4.4.11 Host Cell Cytotoxicity Assays

Host cell cytoxicity assays were performed as previously described using LDH

release [269, 291]. Both HeLa and HT29 cell lines (an epithelial and colonic

cancer cell line respectively) were used and were cultured according to standard

procedure (ATCC).

4.4.12 HIS-tagged CRP Purification

HIS-tagged purification of CRP was performed as previously described [269, 291].

Overnight culture of BL21(λDE3) strain carrying the crp-his-pET21 plasmid was

prepared, followed by 50-fold dilution into fresh LB (ampicillin 100μg/mL). Cells

were incubated at 37°C, 200RPM to an OD600 between 0.6 - 0.8. Following,

protein expression was induced using 0.4mM IPTG for 3 hrs. Protein expression

and his-tag purification was evaluated using SDS-PAGE (Figure 4.6B).

4.4.13 CRP EMSA

cAMP-CRP binding assays were performed as previously described [355]. EMSA

was performed using the hlyU-promoter region generated by PCR amplification

using oligos NT484 and NT485 (IDT), Phusion DNA polymerase (NEB), and the

RIMD2210633 genome as template. Increasing amounts of purified CRP-HIS

protein were combined with a constant amount of PCR product, with 10X EMSA
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buffer (100 mM Tris (pH 7.5 at 20°C), 10 mM EDTA, 1 M KCl, 1 mM DTT, 5%

v/v glycerol, 0.10 mg/mL BSA) and cAMP (20μM) [355]. Increasing amounts of

bovine serum albumin (BSA) were also mixed with a constant concentration of

PCR product, as a negative control for protein-DNA shifts, using the same EMSA

conditions. DNA only controls were included for each protein. Native TBE-PAGE

was performed on each sample in a 8%TBEpolyacrylamide gel. cAMP (20μM)was

included in the TBE running buffer. Samples were subjected to electrophoresis for

4 hrs at 100V, followed by staining with ethidium bromide. Gels were visualized

using the VersaDoc platform.



Chapter 5

Interrogation of the Chitin Catabolic Pathway in Vibrio

parahaemolyticus

5.1 Introduction

Bacterial virulence is not isolated from their ability to sense cues, as well as

adapt and survive in changing environments. Properly coordinated virulence

often requires sensing environmental cues to adapt to new nutrient conditions,

including the ability to sense hosts and generate the virulence factors necessary for

efficient and successful infection. InVibrionacea, chitin is one such environmental

cue. Chitin is catabolized by members of the Vibrionacea to be used as a source

for carbon and nitrogen, but also induces cell remodelling for natural competence,

biofilm formation, niche-competition, and virulence [60, 85, 91, 450–452].

Chitin, the second most abundant carbon biopolymer found on Earth, is a

β-1,4-linked polymer of GlcNAc found in tremendous quantities in the world’s

oceans [453]. Marine arthropods (including copepods) are thought to generate

in excess of billions of tons of chitin annually [75, 454]. Second to only cellulose

in abundance, chitin is a rich carbon and nitrogen source for the Vibrionacea,

and can be found either in association with other animals like crustaceans and

bivalves, or in marine snow – greater than 0.5mm diameter organic aggregates

which sink to the ocean floor [2]. The process through which Vibrio species

degrade chitin into GlcNAc oligosaccharides to generate fructose-6-phosphate is

well understood [27]. First, Vibrio spp. encode, express, and, secrete chitinases,

which degrade chitin into GlcNAc oligosaccharides. These oligosaccharides are

140
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taken up by the cell through a chitoporin and other unidentified or non-specific

porins for GlcNAc [19, 455]. Exo- and endo-chitinases, chitodextrinases,

and B-N-acetylhexosaminidases then degrade these polymers into mono- or

disaccharides which can be moved into the cytoplasm by PTS or ABC transporters

[19, 455]. Following transport and phosphorylation of the GlcNAc monomer,

GlcNAc-6-P is converted to GlcN-6-P by a GlcNAc-6-P deacetylase (NagA),

followed by conversion to fructose-6-P and NH3 by a GlcN-6-P deaminanse

(NagB). Fructose-6-P feeds into the parallel pathways for general metabolism,

glycolysis and the pentose-phosphate pathway [19, 455].

Chitin degradation, and the many genes involved in the processing of GlcNAc

into usable sugar substrate, is thought to be regulated in Vibrio spp. by two

primary regulators: NagC and ChiS/CBP [76]. NagC and ChiS/CBP regulate

the two primary GlcNAc catabolism pathways, the nag genes and chb operon,

respectively. As previously discussed, NagC is a ROK family transcriptional

regulator which represses the nagE-nagAB genes in Vibrio spp., as well as some

chitinase genes [421, 427] (see Chapter 4). NagC itself is allosterically regulated

by the presence or absence of GlcNAc-6-P where GlcNAc6-P binds to NagC and

preventsNagCbinding toDNA to repress or activate its targets [420, 421]. Further,

a bacterial two-component hybrid sensor/kinase, ChiS, controls the chb operon

required for GlcNAc dissacharide catabolism in V. cholerae and Vibrio furnissii

[90]. CBP, a periplasmic sugar binding protein, interacts directly with ChiS in

the absence of its sugar ligand and prevents ChiS from activating its regulon [90].

When CBP is bound by (GlcNAc)2, and to a significantly lesser extent GlcNAc, ChiS

is free to directly activate its regulon from the membrane [89].

Two additional regulatiors, HapR and TfoS, are also indicated in regulating

chitin catabolism in Vibrio spp. TfoS regulates chitinase gene expression,

while HapR is involved in repression of the chb operon [87, 456]. TfoS is a

transmembrane receptor protein which interacts with GlcNAc disaccharides and
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positively regulates the expression of a small RNA, TfoR [62, 68, 457]. TfoR is

Hfq-dependent, and in turn regulates the expression of the master regulator for V.

cholerae natural competence, TfoX, post-transcriptionally through an interaction

with an upstream hairpin in the 5’ untranslated region of the tfoX mRNA. This

interaction exposes a shine-dalgarno sequence and permits translation. TfoS,

through an unknown mechanism, also enhances the expression of genes in the

chitin catabolism pathway, namely the 4 chitinases in Vibrio parahaemolyticus

[87]. Finally, quorum sensing master regulator HapR represses the chb operon

in V. cholerae, which can be de-repressed through proteolytic cleavage of HapR

by the ClpAP protease [456]. At high cell density, the presence of abundant

autoinducers activates a phosphocascade from autoinducer sensor, through LuxO

and LuxP, to indirectly activate HapR expression. At low cell density, this

phosphocascade is less active and therefore HapR expression is reduced. ClpAP, a

bacterial protease system, degrades HapR at a steady state, and at low cell density

can degrade enough HapR to indirectly activate the chb operon [89]. ClpAP is

involved in the degradation of other quorumsensing components in other bacterial

species [458].

Although much is known about chitin catabolism in Vibrio spp., and a

genomic screen has been conducted – by microarray – to look at the induced

expression of genes in V. cholerae, few functional genetic surveys have been

performed to identify the contingent of necessary genes in V. parahaemolyticus

[76]. Our established success in transposon mutagenesis (see Chapter 3) provides

an opportunity to fill this gap [269]. Discovered as ”jumping-genes” by Barbara

McClintock in maize, transposons are a valuable tool for functional gene discovery

[459, 460]. In traditional approaches (see Chapter 3), transposon mutants are

isolated and screened for a particular outcome. This process is time expensive.

Alternatively, transposon mutants can be isolated and screened as a population,

and the insertional mutations and their frequency can be determined using
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high-throughput DNA sequencing, in a process called transposon sequencing

(TnSeq) [461]. Uniquely, this process does not require the isolation of individual

mutants, but rather transposonmutants in a population, which can be screened in

parallel andmeasured for their survival using high-throughputDNA sequencing to

determine necessary genomic regions. TnSeq allows for functional genetic analysis

to occur on awhole genome level, inmuch less time than is necessary for individual

mutant isolation and screening.

Here, I set out to determine the genes that contribute to efficient chitin

catabolism in V. parahaemolyticus growth on chitin. Here, I successfully

deployed an efficient transposon mutagenesis system, and screened a population

of transposon mutants for their ability to survive on glucose and colloidal

chitin as their only carbon source. While these results replicate much of

what is known in the literature in regards to Vibrionacea chitin catabolism, I

identified uncharacterized genes involved in sugar transport and gene regulation

as conditionally essential for chitin catabolism in V. parahaemolyticus. I also

implicate the general secretion pathway as a necessary component of efficient

chitin assimilation.

5.2 Results

5.2.1 Generation of a Streptomycin Resistant Strain of V.

parahaemolyticus

Transposons often carry selection cassettes to allow for the selection of

transposon mutants from their untransposed neighbors. Further, many

transposition systems rely on E. coli donor strains which move transposition

genes by conjugation into a recipient strain. To ensure robust selection

of V. parahaemolyticus transposon mutants from E. coli donors during the

simultaneous conjugation/transposition reactions, I set out to generate a
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streptomycin resistant strain of Vibrio parahaemolyticus. Briefly, streptomycin

sensitive V. parahaemolyticus RIMD2210633 cells were cultured overnight in

LBS and subcultured into LBS media containing subinhibitory concentrations

of streptomycin (25 μg/mL). These cells were incubated until cell growth was

visible, around 48 hours. Subsequent subcultures were performed into LBSmedia

containing increasing concentrations of streptomycin until the strain stably and

consistently demonstrated efficient growth in overnight culture. The culture was

streak purified on streptomycin containingmedia, and a single colonywas selected

and stored under the new strain name VpSm (see Table 5.10). This strain grows

reliably in overnight culture containing streptomycin at 200 μg/mL.

To identify the genetic mutations generated by the conversion from a

streptomycin susceptible to strepomycin resistant phenotypes, genomicDNA from

both the parent strain (V. parahaemolyticusRIMD2210633 -VpWt) and theVpSm

strain was isolated and the genome was sequenced using the Illumina MiSeq

platform. Sequencing data was filtered using CutAdapt to remove reads shorter

than 20bp and with a quality-score of less than 15, followed by assembly into

contigs with SPAdes using default parameters [462, 463]. Contigs were assessed

for quality metrics using QUAST with contigs smaller than 700bp excluded [464].

The reference genome for V. parahaemolyticus RIMD2210633 is 5,165,779bp in

length and a GC content of 45.4%. The VpWt and VpSm assembled genomes

are similar, with VpWt at 5,105,269bp and 45.3%, and VpSm at 5,107,670bp and

45.3% in length andGC content respectively (Table 5.1, Figure 5.1AB). The genome

length plateued as contig numbers increased as seen inFigure 1A, and contig length

was slightly longer for VpSm than for VpWt as evidenced by the steep slope of the

VpSm curve compared to VpWt (Figure 5.1A). Binned contig coverage indicates

that both of the genomes assembled have at least 15x coverage across most of the

genome, with some contigs having a coverage of over 51x (Figure 5.1C). Overall,

this data indicates that genome sequencing for the two strains was successful, and
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Assembly VpSm VpWt
# contigs 78 98

# contigs (≥ 50000 bp) 24 34
Largest contig 558, 650 318, s715
Total length 5,107,670 5,105,269

GC (%) 45.30 45.32
# N’s per 100 kbp 0.00 0.00

Table 5.1: Contig analysis from genome sequencing the VpSm and VpWt strain
obtained from SPAdes assembly, as analyzed by QUAST. Genomic DNA was
isolated from the VpSm and VpWt strains of V. parahaemolyticus and subjected
to sequencing by Illumina MiSeq, followed by assembly using SPAdes and quality
analysis using QUAST.
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Figure 5.1: Sequencing statistics for the SPAdes assembled VpSm and VpWt
parent Vibrio parahaemolyticus genomes by QUAST analysis. QUAST analysis
was run excluding contigs smaller than 700bp on the SPAdes assembled genomes
of the streptomycin resistant V. parahaemolyticus strain, as well as the VpWt
parent. The following output from QUAST is shown: A. The cumulative length
plot showing the length of the genome in Mbp with the increase in contig number,
B. A GC content plot, where the %GC is shown on the y-axis and the number of
non-overlapping 100bp windows on the x-axis, and C. the coverage depth (x-axis)
of bins of contigs (automatically selected, in the case bin size is 3x), where the total
length is shown on the y-axis in kbp.
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that I have good coverage of the data to analyze the genomes for mutations.

To identify the mutations likely causing streptomycin resistance, the VpWt

and VpSm strain sequences were compared to the reference genome for V.

parahaemolyticus RIMD2210633 in the NCBI database using Snippy. The

mutational differences between the sequenced RIMD2210633 strain and the

reference sequences found in the NCBI database can be found in Table 5.2 and

Table 5.3. Unique mutations found only in VpSm can be found in Table 5.4,

and include mutations in the coding regions for cytochrome d ubiquinol oxidase

subunit I, RpoS, RpsL, and GidB on chromosome 1, and two hypothetical proteins

on chromosome 2.

Aminoglycoside antibiotics, including streptomycin, are known to increase the

affinity of the ribosome for non-cognate tRNAs and prevent proper proofreading

by the ribosome through binding to the aminoacyl-tRNA recognition site (A-site)

on the 16S rRNA of the 30S subunit, preventing accurate protein synthesis and

stalling cell growth [465–467]. Indeed, I identified a mutation in rpsL, encoding

a 30S ribosomal protein (protein S12). RpsL is well known to be involved in

resistance to streptomycin when mutated, most commonly at amino acids 42 and

87 in E. coli – and therefore is a likely culprit for the streptomycin resistant

phenotype in the VpSm strain [467, 468]. The snp found in the rpsL coding

gene generates a protein with a mutation from arginine to cysteine at position

86. Mutations in GidB, a small subunit ribosomal methyltransferase, have also

been linked to streptomycin resistance throughmissensemutations S70R, T146M,

and R187M in Mycobacterium tuberculosis [469]. The deletion in gidB causes a

frameshift variation which generates a protein that is truncated by 67 amino acids

and newly terminates at amino acid 144.
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5.2.2 Optimization of Transposon Mutagenesis and Growth Media

Conditions

While pSC189, containing a Himar1 transposon and the relevant transposase, has

been used in other organisms for transposition and for transposon sequencing

procedures, I was concerned about the effectiveness of the neomycin selectable

marker on the mariner transposon due to common resistance to neomycin

seen in V. parahaemolyticus [470, 471]. Alternatively, V. parahaemolyticus

is robustly sensitive to chloramphenicol, at relatively low concentrations (2-5

μg/mL) compared to E. coli (30 μg/mL) [471]. To generate a chloramphenicol

selectable transposon, pSC189 was PCR amplified without the neomycin cassette

found in the Himar1 transposon, and was replaced by the cat gene from pRE112

(see Section 5.4 Materials and Methods).

Here, both a conjugation and a transposition reaction are occuring

simultaneously, moving the transposition vector from E. coli SM10λpir, into

V. parahaemoylticus where it is replication incompetent. Once the transposition

vector is inside the V. parahaemolyticus cell, transposition occurs. In order to

generate sufficient mutants for coverage of the VpSm genome, the transposition

procedure was optimized in the VpSm strain. Transposition reactions were

collected at hourly intervals after 2 hours, with the last collection at 5 hours. CFU

counts for these reactions were generated on differentially selective media for

the transposon mutants and for the VpSm recipient strain (Figure 5.2A). While

some transposon mutants were generated at 2 and 3 hours, a significant jump in

the number of transposon mutants occurs at 4 hours, and there was little change

in the number of mutants between 4 and 5 hours (Figure 5.2A). A slow increase

in the number of total VpSm cells was detected over the course of the entire

transposition (Figure 5.2A). All future transpositions were incubated for four

hours prior to collection and selection of the transposon mutants, to minimize the
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Figure 5.2: Optimization of Transposition Frequency and Growth Media
Conditions. A. V. parahaemolyticus VpSm cells were mixed with E. coli SM10λpir
carrying pSC189-CmR at a 1:1 ratio, washed to remove residual antibiotics, and
plated on a filter placed on an LBS agar plate. The cell mixtures were incubated
at 37°C for varying lengths of time, collected, and plated on selective media
to determine total V. parahaemolyticus cell number as well as the number
of transposon mutants generated. B. V. parahaemolyticus VpSm cells from
overnight culture in LBS were inoculated into MM9 containing either glucose or
colloidal chitin as the sole carbon source. Samples were collected every hr for 24
hours, vortexed to remove cells attached to chitin particles, serially diluted, and
spot plated to determine the number of cells present at that timepoint.
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growth of the entire population while maximizing transposon mutant generation.

Using the transposon mutants generated from three replicates, a mean

transposition frequency of 6.80 x 10-5 was determined (Table 5.5).

In preparation for selection of the transposon mutants, I performed growth

curves for VpSm in minimal media containing either glucose or colloidal chitin as

the exclusive carbon source. VpSm was cultured overnight in LBS, washed twice

in phosphate-buffered saline (PBS), and inoculated into MM9 with either glucose

of colloidal chitin as the sole carbon source. Colony forming units were calculated

each hour after 2 hours time and continued until 24 hours post-inoculation (Figure

5.2B). Both colloidal chitin and glucose supported growth of VpSm as expected.

Glucose allowed the cells to reach stationary phase at an earlier timepoint than the

colloidal chitin condition, at twelve hours and seventeen hours respectively (Figure

5.2B). The colloidal chitin growth appears to have two phases of growth, the first

period of faster exponential growth beginning around 5 hours and ending around 8

hours, followed by a period of slower exponential growth from 9 to 17 hours, when

they enter stationary phase (Figure 5.2B, see Discussion).

5.2.3 Transposon Insertion Sequencing Statistics

Transposon insertion sequencing was completed using a transposon mutant

library prepared according to the optimization above and subjected to growth in

liquid MM9 media containing either glucose or colloidal chitin as the sole carbon

source. Illumina sequencing was performed on the prepared mutant libraries for

both conditions (see Materials and Methods). The total number of reads for the

glucose condition was 34,712,563 and for the chitin condition was 33,384,928. In

the glucose condition, a significant number of reads did not contain the transposon

prefix, with valid Tn reads larger than 20bp at 14,378,650 reads. In the chitin

condition, more of the reads were greater than 20bp with valid Tn prefixes, at

20,630,996 reads. Reads mapped to the V. parahaemolyticus genome
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Replicate
Total V. parahaemolyticus

(CFU/mL)

Transposon mutants

(CFU/mL)

Transposition

Frequency

1 1.76× 1010 1.13× 106 6.42× 10−5

2 6.0× 109 2.5× 105 4.17× 10−5

3 2.8× 109 2.75× 105 9.82× 10−5

Table 5.5: Transposition Frequency for pSC189-CmR into V. parahaemolyticus.
Total V. parahaemolyticus cells and transposon mutants were counted using
spot plates on either streptomycin or streptomycin/chloramphenicol plates
respectively. Colony forming units were calculated per mL and used to determine
the transposition frequency.



155

numbered 7,743,311 reads for the glucose condition and 15,612,858 reads for the

chitin condition. The V. parahaemolyticus reference genome contains 175,455 TA

sites on chromosome 1 and 96,964 TA sites on chromosome 2. In the glucose

condition, 48,415 TA sites were identified on chromosome 1, and 27,953 TA sites

were identified on chromosome 2. In the chitin condition, 81,134 TA sites were

identified on chromosome 1, and 50,429 were identified on chromosome 2. This

translates to a 27.6% and 28.8% TA site coverage in the glucose condition for

chromosome 1 and 2 respectively, and 46.2% and 52.0% in the chitin condition.

This data can be found summarized in Table 5.6. Insertion counts are visualized

across the entire V. parahaemolyticus genome for both samples in Figure 5.3A.

The TRANSIT insertion sequencing analysis software was used to determine

essential genes in the glucose condition as well as the chitin condition, and

compare the two conditions to find conditionally essential genes [472]. This

was done by first using a hidden markov model (HMM) approach to identify

essential regions of the genome in each condition, followed by a zero-inflated

negative binomial (ZINB) approach to compare the two conditions. First, each

condition was subjected to a HMM analysis which locally determines differences

in transposon insertion density and provides essentiallity calls for genes: growth

advantage, non-essential, growth disadvantage, and essential. HMM analysis of

the glucose condition determined 9 genes whose mutations conferred a growth

advantage, 3671 genes that were non-essential, 223 genes whose mutations

generated a growth defect, and 663 genes that were essential for growth (Figure

5.3B). In the chitin condition,mutations in 82 genes conferred a growth advantage,

3725 genes were non-essential, mutations in 148 genes conferred a growth

disadvantage, and 611 genes were labelled essential for growth (Figure 5.3B). 3547

genes were non-essential and 627 were essential in both conditions.

The comparative zero-inflation negative binomial (ZINB) analysis was used

next to identify genes that were conditionally required for growth on chitin
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Statistic
Glucose Chitin

Chr 1 Chr 2 Chr 1 Chr 2

Total Reads 34,712,563 33,384,928

Tn Reads 14,378,650 20,630,996

Reads

w/out Tn
58.6% 38.2%

Reads Mapped 7,743,311 15,612,858

TA Sites

Hit
48,415 27,953 81,134 50,429

Tn Density 27.6% 28.8% 46.2% 52.0%

Table 5.6: Transposon Sequencing Data Statistics from TRANSIT. Data collected
from the glucose and chitin condition transposonmutant libraries sequencedusing
Illumina sequencing and passed through the TRANSIT pipeline. Data shown
appears as output of the tn_stats file from TRANSIT.
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Figure 5.3: Summary of TnSeq analysis. A. A Circos plot showing transposon
insertion data across both chromosome 1 and chromosome 2 (1.) and the loci
indicated as essential (combined growth disadvantage and essential from HMM
analysis) and non-essential (combined growth advantage and non-essential from
HMM analysis) (2.). Red loci are essential, while grey loci are non-essential. Both
glucose (Glc and Chitin (Chi) growth condition datasets are shown. B. Genes
indicated as non-essential (NE), essential (ES), growth defect (GD), or growth
advantage (GA) by HMM analysis for both chromosomes.
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or glucose. ZINB analysis also provides statistical data by comparing mean

insertional data across an entire gene, and therefore can be limited to those genes

which have a Benjamini-Hochberg adjusted p-value less than 0.05. With this

chosen p-value, ZINB analysis identified 43 genes on chromosome 1 that were

statistically underrepresened in the chitin conditionwhen compared to the glucose

condition, and 14 genes that were statistically underrepresented in the glucose

condition when compared to the chitin condition. On chromosome 2, ZINB

analysis identified 6 genes that were underrepresented in the chitin condition, and

8 genes underrepresented in the glucose condition.

5.2.4 Transposon Sequencing Confirms Necessary Genes for Chitin

Degradation in Vibrio parahaemolyticus

To assess if the chitin selection media was behaving as expected, the chitin

catabolic pathway as modelled by Hirano et. al. was explored for essential

genes in the chitin condition (Figure 5.4) [455]. Conditionally essential genes

for the chitin condition include nagA (vpa0038), nagB (vp0829), chiS (vp2478),

cbp (vp2479), almost the entire chb operon (vp2479-vp2488, except vp2485),

one of three encoded β-N-acetylhexosaminidases (vp2486), and a chitodextrinase

(vp0832) (Figure 5.4). Importantly, these genes the two major chitin catabolism

pathways in Vibrio spp. and all had significant p-values by ZINB (p<0.0001,

except nagB; p=0.0002, Table 5.7). On occassion, the HMM status of a gene

is labelled non-essential, while ZINB analyses identifies a gene as conditionally

under-represented in chitin growth media (chiS for example, Table 5.7). This is

due to inherent differences in the analyses, and the comparative nature of the ZINB

analysis (see Discussion). Interestingly, nagE (vp0831), the glucosamine kinase

(vp2485), the cellobiose PTS (vp2635-vp2637), ChiP (a chitoporin, vp0760), two
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Figure 5.4: Genes essential for chitin metabolism as identified by TnSeq. A
pathway diagram for catabolism of chitin to fructose-6-phosphate is shown, which
component enzymes and their associated locus tags indicated, as modelled by [27,
455]. Chemical conversions which are known to occur, but do not have associated
enzymes are shownwith a questionmark and dotted arrow. Conversions and locus
tags shown in blue are indicated as conditionally essential (p < 0.05) for growth
on chitin by ZINB analysis of the TnSeq dataset.
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Locus
Tag

Gene
Name Function HMM

Status p-value Sig.

VP0545 nagZ β-N-acetylhexosaminidase NE 0.407 NS
VP0619 chiB Chitinase NE 0.624 NS
VP0755 - β-N-acetylhexosaminidase NE 0.283 NS
VP0760 chiP Chitoporin NE 0.428 NS
VP0802 - Porin GD < 0.0001 ****

VP0828 nagC ROK Family
Transcriptional Regulator NE 0.339 NS

VP0829 nagA GlcNAc-6-P deacetylase ES <0.0001 ****
VP0831 nagE GlcNAc-specific PTS IIBC NE 0.104 NS
VP0832 glnS Chitodextrinase ES NA NA
VP2338 chiA1 Chitinase NE 0.875 NS
VP2478 chiS hybrid His sensor/kinase NE <0.0001 ****

VP2479 cbp ABC transporter
substrate-binding protein NE <0.0001 ****

VP2480 - ABC transporter permease GD <0.0001 ****
VP2481 - ABC transporter permease GD <0.0001 ****

VP2482 - ABC transporter
ATP-binding protein GD <0.0001 ****

VP2483 - ABC transporter
ATP-binding protein GD <0.0001 ****

VP2484 - Cellobiase NE <0.0001 ****
VP2485 - Glucosamine Kinase NE 0.756 NS
VP2486 - Hexoaminidase Exo I ES <0.0001 ****
VP2487 - (GlcNAc)2 Phosphorylase NE <0.0001 ****
VP2488 - Phosphoglucomutase ES <0.0001 ****
VP2635 - (GlcN)2 PTS IIB NE 0.164 NS
VP2636 - (GlcN)2 PTS IIC NE 0.980 NS
VP2637 - (GlcN)2 PTS IIA GD 0.746 NS
VPA0038 nagB GlcN-6-P deaminase GD 0.0002 ***
VPA0055 chiA2 Chitinase NE 0.4550 NS
VPA1177 chiA Chitinase NE 0.8161 NS

Table 5.7: ZINBAnalysis of the known chitin utilization program. Genes shownare
underrepresented in the chitin growth condition, and their locus tag, gene name
(if available), annotated function, HMM status in the chitin condition, adjusted
p-value, and significance are shown. p-values were controlled for FDR using
Benjamini-Hochberg. ****: p<0.0001). ES: Essential, GD: Growth Defect, NE:
Not Essential by HMM analysis. NA: Not-Analyzed, ZINB does not analyze genes
that are essential in both conditions. Sig. stands for significance.
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of the three encoded β-N-acetylhexosaminidases (vp0755; p=0.283 and vp0545;

p=0.407), as well as all of the encoded chitinases (vp2338, vpa0055 vpa1177,

vp0619) were not conditionally essential in the chitin condition. The insertion

data for the nagE-nagAC operon, nagB, and the chb operon can be found in Figure

5.5, and shows potent reduction in transposon insertion sequences in conditionally

essential genes (essential genes are labelled in purple in Figure 5.5).

While the chitoporin was not identified as conditionally essential, another

porin protein (VP0802) was. VP0802 has 97% sequence identity and 98%

sequence similarity with an N-acetylglucoasmine regulated porin in Vibrio sp.

JCM 18904 [473]. Phyre2 analysis of this protein revealed structural similarity to

P. aeruginosa OprD, which transports small hydrophilic amino acids and sugars,

and is involved in carbapenem resistance [474, 475]. This porin protein may

represent part of the missing porin components necessary for the transport of

various chitin catabolites (see Figure 5.4).

5.2.5 Type II Secretion is Essential, While Individual Chitinases are

not Essential for Growth on Chitin

Strikingly, while none of the chitinase genes were essential on their own (see

Table 5.7), many genes identified in the gspCDEFGHIJKL type II secretion system

operon were essential for growth on chitin (Table 5.8 and Figure 5.6). While

some of the genes in this operon did not meet the p-value cutoff of 0.05, many

approached significance andwere essential byHMManalysis (Table 5.8 andFigure

5.6). gspD, gspE, gspF, gspG, and gspK were statistically underrepresented in the

chitin growth condition, while gspC and gspI approached significance (Table 5.8).

gspH, gspJ, and gspL were not underrepresented in the chitin growth condition

(Table 5.8). Importantly, gspH, gspJ, and gspI are allminor pseudopilin subunits,

and this datawould suggest thatmutations in these genes do not affect the function

of the T2SS with respect to supporting growth on colloidal chitin.
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Figure 5.5: TnSeq insertion data for the GlcNAc and (GlcNAc)2 transport and
catabolism pathways. Chromosome numbers and locations are indicated by the
parallel bars, with kbp markers for location. The gene annotation for each region
is also shown, with geneswith statistically underrepresented transposon insertions
by ZINB analysis shown in purple. Insertion counts for each genomic region are
shown for both the chitin and glucose growth condition. A. nagE-nagAC operon,
B. nagB and surrounding genomic region, C. chiS and the chb operon.
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Locus
Tag

Gene
Name Function HMM

Status p-value Sig.

VP0122 gspC T2SS Inner-membrane
platform protein ES 0.0699 NS

VP0133 gspD T2SS Outer-membrane
secretin ES 0.0039 **

VP0134 gspE T2SS Secretion ATPase ES 0.0005 ***

VP0135 gspF T2SS Inner-membrane
platform protein ES 0.0016 **

VP0136 gspG T2SS Major pseudopilin ES 0.0075 **
VP0137 gspH T2SS Minor pseudopilin NE 1 NS
VP0138 gspI T2SS Minor pseudopilin ES 0.1074 NS
VP0139 gspJ T2SS Minor pseudopilin ES 0.2848 NS
VP0140 gspK T2SS Minor pseudopilin ES 0.0087 **

VP0141 gspL T2SS Inner-membrane
platform protein ES 0.6352 NS

VP0741 lolB Outer-membrane chaperone ES NA NA
VP0977 lolC ABC permease ES NA NA
VP0978 lolD ABC ATP-binding protein ES NA NA
VP0979 lolE ABC permease ES NA NA
VP1106 lolA Periplasmic chaperone ES NA NA

VP2706 gspM Inner-membrane
platform protein NE 0.2939 NS

Table 5.8: HMM status and ZINB analysis of the gsp operon and lol genes. Genes
shown are underrepresented in the chitin growth condition, and their locus tag,
gene name, annotated function, HMM status in the chitin condition, adjusted
p-value, and significance are shown. p-values were controlled for FDR using
Benjamini-Hochberg. **: p<0.01, ***: p<0.001. ES: Essential, NE: Not Essential
by HMM analysis. NA: Not Analyzed, ZINB does not analyze genes that are
essential in both conditions. Sig. stands for significance.
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LolCDE is an ATP-binding cassette transporter that, along with LolA (a

periplasmic chaperone) and LolB (an outer-membrane chaperone) aid in the

process of transport and insertion of the outer-membrane secretin GspD into

the outer-membrane [209]. lolA, lolB, lolC, lolD, and lolE are essential genes,

as they coordinate the trafficking of lipoproteins other than GspD into the outer

membrane (Table 5.8) [476]. ZINB analysis was therefore not performed on these

genes.

General secretion pathway systems (like Type II Secretion) are involved in the

secretion of chitinases, although their exact role is under-explored, particularly in

Vibrio spp. [477]. However, identifying a T2SS as essential for growth on chitin is

interesting given that the individual chitinases encoded by V. parahaemolyticus

are not essential. V. parahaemolyticus encodes at least 4 chitinases, and it is

possible that individual mutations in a single chitinase – where other chitinases

are intact and secreted – does not slow or halt growth on chitinous surfaces.

Meanwhile, a mutation in the secretion pathway for these chitinases presents

a bottleneck in which no chitinase is secreted, and cells cannot breakdown or

assimilate chitin locally (see Discussion).

5.2.6 Proteases and an Uncharacterized Transcriptional Regulator

are Essential for Growth in Chitin

The protease genes, clpA and clpP, were identified as conditionally

underrepresented by ZINB analysis, where clpA (p=0.065) approached

significance and clpP (p<0.0001) was statistically significant (Table 5.9) [89].

However, related protease genes, clpS or clpX, had no impact on the cells ability

to grow on chitin. In V. cholerae, the ClpAP protease is involved in activating

the chb operon by degrading a quorum-sensing master regulator HapR, involved

in repression of the chb operon [456, 478]. HapR is the master regulator of

quorum-sensing in V. cholerae, and at high cell density it is expressed at high
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levels [456, 479]. OpaR, the homologue of HapR in V. parahaemolyticus, is not

required for growth on chitin as seen by ZINB analysis [480]. This also aligns with

previous work showing that deletion of hapR did not induce a growth advantage

on chitobiose, even with its repressive effect on the chb operon [456]. The other

important quorum sensing proteins involved in the generation of auto-inducers

(cqsA and opaM), the sensing of auto-inducers (luxN, luxQ, and cqsS), or the

integration of the signals (luxO and opaR) were not required for growth on chitin

[480, 481]. luxU, another protein integrator of the AI signals, was not analyzed

by ZINB due to low-saturation of insertion sites at that locus (<15% saturation

across the gene), but was labelled as essential for that same reason by HMM. For

this reason, luxU is difficult to assign as essential or not for growth in chitin.

Two additional transcriptional regulators were identified as essential for

growth in chitin, tfoS and a MurR/RpiR family transcription regulator vp1236

(Table 5.9). MurR/RpiR family transcriptional regulators are implicated in

the regulation of sugar catabolism operons, including the N-acetylmuramic acid

(MurNAc) catabolism and uptake operon (murPQ) in E. coli by MurR [482].

Phyre2 analysis of the predicted structure of vp1236 identifies NanR as a predicted

homologue, which represses the N-acetylneuraminic acid (Neu5Ac) catabolic

operon in Vibrio vulnificus [483, 484]. Further, TfoS regulates the expression

of chitinases and some periplasmic GlcNAc oligosaccharide processing enzymes

in V. parahaemolyticus and is essential for growth on (GlcNAc)6, although is not

required for growth on (GlcNAc)2 [87], due to the dramatic downregulation of

chitodextrinase (vp0832) and the twoβ-N-hexosaminidases (vp2486 and vp0545)

in a tfoS null mutant. Our data identified tfoS as essential for growth in the chitin

condition, but two downstreamelements associatedwith tfoS regulation (the small

RNA tfoR and tfoX) were not essential for growth on chitin (Table 5.9).
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Locus
Tag

Gene
Name Function HMM

Status p-value Sig.

VP0854 tfoS Membrane-bound
transcriptional regulator NE 0.000457 ***

VP0917 clpP Protease GD 0.06533 NS
VP0918 clpX Unfoldase NE 0.54234 NS
VP1013 clpS Protease Adapter Protein GA 0.060657 NS
VP1014 clpA Unfoldase GD 0.000059 ****

VP1236 - MurR/RpiR Family
Transcriptional Regulator ES 0.000016 ****

VP1697 opaM AI synthase NE 0.095409 NS
VP1698 luxN AI Sensor NE 0.416756 NS
VP2009 luxO QS Response Regulator NE 0.730857 NS

VP2098 luxU Quorum Sensing
HPt Protein ES NA NA

VP2516 opaR QS Master Regulator NE 0.694376 NS
VPA0710 cqsS CAI-1 HK Sensor NE 1 NS
VPA0711 cqsA CAI-1 Synthase NE 1 NS
VPA1220 luxQ HK Sensor NE 0.137747 NS

Table 5.9: HMM status and ZINB analysis of the quorum-sensing regulators and
other transcriptional regulators. Genes shown are underrepresented in the chitin
growth condition, and their locus tag, gene name, annotated function, HMMstatus
in the chitin condition, adjusted p-value, and significance are shown. p-values
were controlled for FDR using Benjamini-Hochberg. **: p<0.01, ***: p<0.001.
ES: Essential, NE: Not Essential by HMM analysis. NA: Not Analyzed, ZINB does
not analyze genes that are low-saturation. Sig. stands for significance.
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5.3 Discussion

Here, I developed a new transposon mutagenesis tool for use in

V. parahaemolyticus, as well as generated and characterized a

streptomycin-resistant V. parahaemolyticus strain (VpSm). I provided evidence

that the transposon mutagenesis vector generates Himar1 transposon mutants at

an acceptable rate, and that the VpSm strain is resistant to streptomycin through

predictable mutations in rpsL and gidB. Using this transposon mutagenesis

tool, combined with next generation sequencing technology, I identified an

uncharacterized porin and transcriptional regulator, as well as implicated some,

but not all, of the gsp genes of the T2SS, as essential for chitin catabolism in V.

parahaemolyticus. Also, I successfully validated our approach, as I identified a

number of previously known essential genes for chitin catabolism (namely the

chb operon, chiS, nagB, and nagA). As well, I identified the known regulator tfoS

and the protease complex clpAP as conditionally necessary for growth on chitin.

The identification of an uncharacterized porin is particularly interesting, and

serves to expand our understanding of sugar transport for chitin catabolism in

V. parahaemolyticus. Previous studies, including a recent chitin catabolism

pathway analysis by Hirano et al. in V. parahaemolyticus showed that GlcNAc

monosaccharides and (GlcNAc)2 disaccharides may use a porin that has yet to

be identified, and is distinct from the previously identified chitoporin (Figure

5.7) [76, 455, 485]. Our data did not identify the chitoporin (chiP) gene as

essential for growth in our conditions, however, our data did identify another

porin, vp0802 as conditionally underrepresented by ZINB and as conferring

a growth defect by HMM. The previously characterized chitoporin (ChiP) is a

well characterized outer membrane porin used to import GlcNAc polymers into

the periplasm to be degraded by other enzymes including the chitodextrinase

(Vp0832) and β-N-acetylhexosaminidases (vp0545, vp0755, and vp2486) to
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(GlcNAc)2 [88, 454, 485]. Roseman and colleagues identified the chitoporin in

V. furnissi as highly upregulated by (GlcNAc)2-6 oligosaccharides, and later work

showed that this protein is found in many different members of the Vibrionacea

[27, 76, 88, 454]. Importantly, this channel has strong sugar specificity, and

transports a number of different GlcNAc polymer molecules from (GlcNAc)2 to

(GlcNAc)6 [485]. Given the requirement for (GlcNAc)2 transport at the inner

membrane, it seems likely that this porin transports at least (GlcNAc)2, and

perhaps GlcNAc monomers, but further molecular studies will need to be done to

confirm this (FIgure 5.7). Further, VP0802 was identified as similar in predicted

amino acid sequence to an N-acetylglucosamine regulated porin in Vibrio sp.

JCM 18904 by BLAST and its predicted structure as similar to OprD – a porin

for small amino acids and sugars in P. aeroginosa – by Phyre2 analysis [439,

440, 473–475]. These analyses provide some initial evidence that this porin may

transport GlcNAc-containing sugars (Figure 5.7). OprD is involved in carbapenem

resistance in P. aeruginosa, and the loss of VP0802 may also enhance resistance

to carbapenem in V. parahaemolyticus and should be explored in future studies.

Further, the discovery of an uncharacterized transcription factor provides

avenues to explore new pathways involved in chitin catabolism regulation. Here,

I discovered a new transcriptional regulator of the MurR/RpiR family (vp1236) as

conditionally required for growth in chitin (Figure 5.7). The predicted structure

of this regulator is related to NanR in V. vulnificus by Phyre2 analysis [475,

483, 484]. NanR represses Neu5Ac catabolism and is de-repressed by binding to

N-Acetylmannosamine-6-Phosphate, which preventsNanRbinding toDNA [483].

While the nucleotide sequence for this gene does not
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Figure 5.7: Schematic diagram of newly identified proteins and their potential
roles in chitin catabolism. Chitinase secretion into the extracellular space is
thought to be performed by the T2SS, following secretion into the periplasm
through the Sec translocon. Other proteins involved in chitin catabolismmay also
be secreted via the T2SS. Important of chitin oligosaccharides occurs via outer
membrane porins, which provide substrate-specific entry for GlcNAc-contianing
sugars into the periplasm. The chitoporin imports (GlcNAc)2-6 oligosaccharides,
followed by degradation to GlcNAc disaccharides which are imported via a ABC
transporter. A newly identified porin (VP0802) appears to be involved as
well, but it is unknown what sugar specificity it has. Following important of
GlcNAc mono- or disaccharides, the nag or chb encoded genes catabolize these
sugars to fructose-6-P. chb is regulated by ChiS/CBP, while nag is regulated
by NagC. A new regulator of the MurR/RpiR family (VP1236), may also be
involved in regulating these catabolism pathways, or perhaps another currently
uncharacterized pathway. All of these catabolism pathways converge on the
pentose phosphate pathway and glycolysis.
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indicate homology with NanR (44% similarity, 29% identified by BLAST global

align), if its function remains similar, it may still be involved in regulating sugar

catabolism and will be the focus of future studies [439, 440]. Importantly, it is

unclear whether the newly identified MurR/RpiR family protein might regulate

currently known GlcNAc catabolism pathways (nag or chb) or another as-yet

identified pathway (Figure 5.7).

The other interesting set of genes identified is the T2SS gsp operon. Almost

all of the genes in the gsp operon were labelled as conditionally essential for

growth on chitin by ZINB analysis. Why exactly this is the case will require further

exploration, although it seems likely that type II secretion would be involved in

the secretion of chitinases to the extracellular environment (Figure 5.7) [486,

487]. Previous studies have indicated that ChiA2 is the major chitinase in V.

parahaemolyticus [87]. However, our data does not identify any one chitinase

as more important than other for growth in our conditions. I expected that

chitinases may not be essential for growth on chitin in our conditions, as the

transposon mutant population is not isogenic, and many of the bacteria in culture

will contain functional chitinase genes. As such, the chitinases may act as a

”public-good”, allowing for other insertion mutants without functional chitinase

genes to survive – essentially acting as ”cheaters” by exploiting the public good –

as previously described [488–490]. However, chitinases obtained in this way by

a T2SS deficient mutant would require diffusion, and based on our data clearly do

not provide enough of a benefit quickly enough to prevent a statistically significant

drop in some T2SS mutants in the transposon mutant population. Although

chitinases seem to be the obvious candidates that make the T2SS essential for

growth on chitin, I cannot rule out the secretion of other essential factors as well

(Figure 5.7).

Further, three T2SS minor pseudopilin genes are not required for growth on

chitin, gspH, gspJ, gspK. The role of minor pseudopilins in T2SS function is
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not entirely clear, although they have been implicated in the initial formation

of the pseudopilus structure [491]. Further. the minor psuedopilins have been

linked to recruitment and binding to specific T2SS substrates, although this role

is underexplored [492, 493]. This is of particular note, as perhaps these T2SS

pseudopilin genes are essential for the secretion of some T2SS substrates, but are

not essential for the secretion of chitinases. Further exploration will be required

here.

Genome sequencing of the lab strain VpWt identified a number of mutations

which conflict with the reference sequence, including a mutation in clpX. While

bacteria will undoubtedly collect mutations through passaging in the lab, this

clpX mutant is interesting considering ClpAP are indicted in regulation of the chb

operon, although indirectly. While I did not find clpX or clpS to be essential for

growth in chitin – consistent with the previous literature – it is difficult to know

if this is because these genes are not essential, or if the mutation it has sustained

changes its function [456]. Unique mutations in the VpSm strain allowed us to

narrow the streptomycin resistance genotype to known mutations in rpsL and

gidB.

Our transposon mutant libraries have acceptable density for both conditions,

although the glucose condition did have less overall saturation of TA sites than

the chitin condition. Further, many of the reads lacked the transposon prefix

and were therefore discarded from the sequencing data. Many of the valid Tn

reads did not map onto the V. parahaemolyticus genome, and this was more

apparent in the glucose condition. One explanation for this is that E. coli donor

cells or DNA is surviving through the selection and conditional growth process,

and contaminating the sequencing run. Further optimization of the selection

conditions and transposition mutant library will be required to reduce sequencing

waste by donor DNA contamination, and to increase the density of insertion

sequences in the libraries.
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These data are from a single biological replicate, where sequencing was done

on a single experiment in each condition. While statistical differences can be

generated between conditions due to the number of independent TA sites within

single genes (using ZINB analysis), this analysis is not in the form of biological

replicates. To better support the conclusions, additional biological replicates

should be pursued. However, the chitin utilization program in Vibrio is well

defined, and I have shown that many of these genes are indeed necessary for

growth on chitin (chb operon for example) and that our approach is working as

intended. Indeed, I have also verified the involvement of other regulators such as

opaR (indirectly through the protease clpAP), chiS/cbp, and tfoS.

Both the HMM and ZINB analyses of the transposon insertion sequencing

data were valuable to assess the quality of our work and confirm that I have

targeted the chitin catabolism pathway. However, there is some discrepancy

between these two methods. Importantly, ZINB and HMM analysis did not

always agree, and in some cases HMM analysis labelled a gene as non-essential,

while ZINB analysis identified a conditionally significant reduction in transposon

reads in chitin-containing media. While HMM is searching for regions of the

genome that are locally different from adjacent regions in a single condition, ZINB

analysis is lookingmore closely between the conditions for differences and involves

normalization – by trimming total read-count (TTR), where the top and bottom

1% of reads are removed to reduce outliers and the entire dataset is divided by the

new total and scaled up so the mean insertion count across the genome is 100 –

between the two samples [472]. Therefore, although insertions may be found in

genes like cbp, for example, and therefore are labelled as non-essential by HMM,

ZINB analysis can more directly identified underrepresentation in insertion reads

between conditions due to its comparative nature [472].

Much of the current understanding surrounding V. parahaemolyticus chitin

utilization is based on homology searches and studies in other Vibrio spp. [27,



174

455]. Here, I confirmed a number of the genes involved in the process as essential

(see Figure 5.4), in particular that theGlcNAc2 assimilation pathway appears to be

required for growth in our conditions (see Figure 5.4). However, the VpSm strain

did not require the GlcNAc monomer PTS or the cellobiose PTS in our conditions.

These mutants do not disrupt the cells ability to transport other sugar polymers

like (GlcNAc)2, and presumably allows for their survival using the (GlcNAc)2

catabolismpathway. This finding suggests that using colloidal chitin as theGlcNAc

source in our conditions may bias the cell towards use of GlcNAc2 disaccharides,

rather than the monomeric form. Indeed, given the rapid initial growth of VpSm

in the colloidal chitin growth condition, followed by slower growth to stationary

phase, it is possible that GlcNAc oligosaccharides are present in the colloidal

chitin preparation and are allowing for rapid early growth (Figure 5.2B). However,

this phenotype may also be caused by the initial growth conditions, where cells

may survive on leftover nutrients from the overnight culture. These observations

highlight that our dataset is limited to the genes absolutely necessary for the

survival using our colloidal chitin preparation, and therefore may only constitute

a portion of the essential genes for chitin catabolism. Future experiments should

include other GlcNAc oligosaccharides, such as (GlcNAc)2, as sole carbon sources

to identify differences in the genes necessary for chitin versus smaller chitin

oligosaccharides.

Further, three of the genes involved in regulation, chiS, cbp, and tfoS were

identified in our data as essential for growth in colloidal chitin. This is well

established in the literature, as chiS and cbp control the chb operon, and tfoS

controls the β-N-acetyl-hexosaminidases, chitinase genes, and the chitin-induced

DNA transformation systems [13, 62, 87, 89, 90]. Also, the tfoS finding aligns

with previously published work in V. parahaemolyticus [87]. However, our data

indicates that tfoR and tfoX are not essential for growth in chitin, which implicates

tfoS regulation of the chitin catabolism operon as unique from that of natural
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transformation regulation by TfoS, through both tfoR and tfoX.

Species specific quorum-sensing in V. cholerae represses chb through the

quorum-sensingmaster regulator HapR.HapR is degraded by the protease system

ClpAP after it is made, allowing for expression of the chb operon [456]. In the

absence of ClpAP, HapR is not degraded and repression cannot be relieved [456].

Our data suggest that ClpAP may function similarly in V. parahaemolyticus, as

mutants in these proteins are statistically underrepresented. At high cell density,

HapR (or OpaR in V. parahaemolyticus) is highly expressed and represses the

chb operon [456]. When luxO is deleted (or mutated through insertion), the

cells are stuck in a ”high cell density” state and HapR (OpaR) should be highly

expressed [494–496]. In opposition, specific mutations in LuxO which mimic the

phosphorylated and active protein, lock the cells in a ”low cell density” state and

HapR (OpaR) is not expressed at high levels [456]. In our data, luxO was not

conditionally essential for growth on chitin, in fact none of the known quorum

sensing pathway proteins are essential for growth on chitin. This is an expected

outcome, as ClpAP will degrade OpaR in all cases, regardless of quorum-sensing

regulation of OpaR, and relieve repression OpaR repression of the chb operon.

More directed studies will be needed to determine how, if at all, the QS pathway

impacts expression of the chb operon in V. parahaemolyticus.

Chitin catabolism is a conserved trait of the Vibrionacea, and is linked to

a variety of the phenotypes seen in Vibrio spp., including natural competence,

environmental survival, biofilm formation, niche-protection, and virulence [13,

27, 82, 85, 451, 452, 455, 497]. It is therefore important that I understand

the necessary components of this process, in an effort to better link the lifestyle

of Vibrionacea to their other important phenotypes, in some cases virulence.

Here, I used transposon sequencing to better characterize this pathway in Vibrio

parahaemolyticus. While transposon sequencing data is undoubtedly powerful

and allows for the whole-genome interrogation of genes in various growth
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conditions, the data generated is only as valuable as the annotation of the genes

in question. In our case, independent verification of the MurR/RpiR family

transcriptional regulator (vp1236) and the porin protein vp0802will be necessary

to ensure they are annotated correctly in the genome, and to further deduce their

function and relevance for chitin catabolism (see Chapter 6). Further exploration

of the T2SS and its pseudopilin subunits will also need to be done to identify why

many of the minor pseudopilins appear to be dispensable for T2SS essentiality

in the chitin condition (see Chapter 6). Taken together, this study has provided

experimental evidence for the necessary chitin catabolism components in Vibrio

parahaemolyticus RIMD2210633. Here, I have identified a number of new

avenues of exploration in this pathway, including a putative regulator and porin

gene, as well as indicted Type II secretion as essential for successful growth on

chitin.

5.4 Materials and Methods

5.4.1 Culturing and Bacterial Growth Conditions

Cells were cultured as previously described (Chapter 2 and 3) [269, 291]. For

transposon sequencing experiments, after transpositionV. parahaemolyticus cells

were grown on Minimal M9 media (MM9) containing either glucose or colloidal

chitin as the sole carbon source (420mM Na2HPO4, 220mM KH2PO4, 86mM

NaCl, 187mM NH4Cl, MgSO4, CaCl2, 0.2% w/v carbon). Selection for transposon

mutants after transposition was performed on MM9 agar plates containing

glucose, using streptomycin (100 μg/mL) and chloramphenicol (7.5 μg/mL).

Where antibiotics were required, V. parahaemolyticus were cultured using

chloramphenicol (5μg/mL), kanamycin (100μg/mL) or streptomycin (100μg/mL).

E. coli were cultured using chloramphenicol (30μg/mL). Strains and plasmids

used in this study can be found in Table 5.10.
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5.4.2 Generation of a Streptomycin Resistant Strain of V.

parahaemolyticus

VpWt was cultured overnight in LBS media without antibiotics overnight at

37°C/200RPM. Following, VpWt cultures were subcultured into LBS containing

25 μg/mL of streptomycin and incubated at 37°C/200RPM until cell growth

was visible, around 48 hrs. Once cell density was visible in the culture tubes,

the cells were subcultured into LBS containing increasing concentrations of

streptomycin until they reliably reached stationary phase after overnight growth

at 200 μg/mL streptomycin. This culture was streak-purified and single colonies

were screened for their ability to grow in LBS containing 200 μg/mL streptomycin.

A colony which reliably reached stationary phase after overnight growth in media

containing 200 μg/mL streptomycin was stored, and named VpSm.

5.4.3 Genome Sequencing, Quality Analysis, and Mutation Analysis

Genome sequencing of the VpWt and VpSm strain were completed following

phenol-chloroform extraction of genomic DNA from both strains, as previously

described [498]. Following, sequencing libraries were prepared using the Illumina

XT DNA Library Preparation Kit (Illumina, FC-131-1024) and sequenced on

the Illumina MiSeq platform. Following collection of the raw sequencing data,

sequence files were analyzed for quality by FastQC, followed by assembly of the

genomes of both strains using SPAdes, with default settings [463]. Following

assembly of the genomes, the genome assembly quality was determined using

QUAST, with default settings except the minimum contig length for inclusion,

which was increased to 700bp based on the genome assemblies [464]. Finally,

Snippy was used to identify mutations present in both strains compared to the
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V. parahaemolyticus RIMD2210633 reference genome, using default settings

[500].

5.4.4 Generation of pSC189-CmR

To generate a transposition vector that carried a cat gene instead of the neomycin

resistance cassette on the encoded Himar1 transposon of pSC189, the swapped

neomycin resistance cassette was swapped from pSC189 to the cat gene and

promoter from pRE112 [353, 499]. First, the pSC189 vector was amplified by PCR

using primers NT429/NT430 (IDT; see Table 5.11 for oligonucleotide sequences)

using Phusion polymerase (NEB) to generate a linear fragment of pSC189 without

the neomycin resistance cassette. The cat gene and its native promoter were

generated from pRE112 via PCR with oligonucleotides NT427/NT428 (IDT) using

Phusion polymerase (NEB). Following, the cat gene insert was phosphorylated

using T4 PNK (NEB), and the pSC189 and cat fragments were ligated together

by blunt ligation using T4 DNA Ligase (NEB).

5.4.5 Transposition Experiments

Transposition of the VpSm strainwas performed using conjugation betweenVpSm

recipients and SM10λpir E. coli pSC189-CmR donors. VpSm and SM10λpir were

mixed at a 1:1 ratio normalized by OD600 and washed twice in PBS to remove

overnight culture antibiotics. Cells were resuspended in LBS, plated on LBSmedia

on an 0.45μmMLE filter (Millipore), and incubated at 37°C for 4 hours (or various

times for the optimization experiments). Cells were collected in 1x MM9 salts

by vortexing the filter in a 15 mL conical tube containing 1x MM9 salts, and the

cells were then plated on MM9 glucose agar plates containing streptomycin (100

μg/mL) and chloramphenicol (5 μg/mL) to select only VpSm::Himar1 transposon
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mutants. Cells to be counted for colony-forming units were serially diluted,

while transpositions to be used in a selective growth experiment for transposon

sequencing were diluted to a total volume of 15 mL in 1x MM9 salts and plated

over 150 MM9 glucose plates (FisherBrand, 100mm x 15mm), and incubated at

30°C for 36 hrs prior to collection.

5.4.6 Colloidal Chitin Preparation

Colloidal chitin was prepared using shrimp chitin flakes (Sigma) and a modified

protocol from Joe et al. [501]. Briefly, 20g of shrimp chitin flakes were measured

and blended into a fine powder using a blender. In a glass beaker, 100mL of

concentrated HCl was added slowly to the powdered chitin and stirred gently

with a glass rod every 15 min until the mixture was homogenous. The chitin-HCl

mixture was added to 2L of distilled H2O, and allowed to precipitate overnight

at 4°C. Following, filtration through a buchner funnel and Whatman filter paper

was performed using vacuum suction. The moist chitin cake was rinsed with

distilled water in the Buchner funnel until the pH was neutral. The chitin cake

was aliquoted into 50 mL conical tubes and sterilized by autoclave.

5.4.7 Generation of Insertion Sequencing Libraries using

HTML-PCR

Following transposon mutagenesis and selection in either chitin or glucose

containing minimal media, DNA was extracted from the selected population

using phenol-chloroform extraction (see Genome Sequencing, Quality Analysis,

and Mutation Analysis). HTML-PCR was performed as previously described

with a few modifications [502]. Mainly, HTML-PCR does not require blunting

of fragmented DNA ends, as previously published, prior to poly-C tailing (A.

Camilli, personal communication, Nov 2019). 10μg of DNA was fragmented using
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Fragmentase (NEB) for 30 min followed by DNA purification using AMPure XP

Beads for DNA purification (1X volume, Beckman Coulter). Poly-C tailing was

performed as previously described [502], followed by DNA cleanup as before, and

PCR amplification using LG17 and LG18 oligos as previously described [502]. The

second PCR was performed using variable primers – depending on the indices

required for illumina sequencing (LG503 and LG710 for the glucose sample, along

with LG510, LG706 for the chitin sample) – and 1 μL of the product from PCR1 as

template. Final PCR amplifications were cleaned up, visualized using agarose gel

electrophoresis, and quantified using the Illumina Quant Kit (NEB). Sequencing

of these libraries was performed on the Illumina NextSeq platform, using single

end reads, 150bp in length.

5.4.8 TRANSIT Analysis of Sequencing Data

Following sequencing, sequencing output was analyzed for overall quality using

FastQC, followed by trimming and genome mapping using TRANSIT’s tpp tool

against the RIMD2210633 reference genom (NCBI Accession: NC_004603.1

and NC_004605.1), using default settings except the transposon primer window,

which was increased to 40bp from the start of the read due to differences in the

HTML-PCR approach and the approaches used by DeJesus et al. [472, 502].

Output from tpp was used to determine success of the transposon sequencing

experiments, particularly considering Tn saturation and density of the libraries.

TRANSIT was then used to perform two analyses on the data for both

chromosomes: a hidden markov model analysis to identify regions of the

genome that are essential for growth on either condition, and a zero-inflated

negative binomial approach which compared the glucose and chitin condition

data following normalization. Both of these analyses were performed using

default TRANSIT settings and prot_tables generated from gff3 files from

the RIMD2210633 reference genome (NCBI Accession: NC_004603.1 and
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NC_004605.1) [472]. Data from these analyses were explored using LibreOffice

Calc to sort and identify genes that carried a ZINB adjusted p-value of less than

0.05, and visualized using R and the GViz package, along with modified R scripts

from McCoy et al. [503–506].

Circos plots were generated from TRANSIT outputs for transposon insertion

counts, andHMMessential gene analysis [507]. The RScript for GViz can be found

in Appendix C.



Chapter 6

Discussion

6.1 Conclusions, Limitations, and Outstanding Questions

In this thesis, I have presented 4 linked but distinct studies exploring aspects of

V. parahaemolyticus biology involving environmental sensing, T3SS-1 biogenesis

and protein secretion, and sugar catabolism. While the work here begins to

answer some questions about T3SS-1 activation and chitin catabolism in V.

parahaemolyticus, it raises additional questions that will guide future work.

In Chapter 2, we hypothesized that a protein de-repressor would activate

expression of the master-transcriptional regulator gene exsA, through

de-repression of H-NS repression at that locus. Indeed, through a transposon

mutagenesis screen linked to exsA inducing conditions (increased Mg2+ and

EGTA), we identified HlyU, a small SmtB/ArsR family transcriptional regulator

as essential for the de-repression of exsA, and subsequent expression of T3SS-1

[269]. We verified that in the absence of H-NS, HlyU is not necessary for exsA

expression or T3SS-1 dependent protein secretion and cytotoxicity, confirming its

role as a de-repressor of H-NS. Using the same transposon mutant screen, we also

re-identified H-NS as a necessary repressor of the exsA gene. How HlyU acts to

de-repress H-NS given the lack of overlapping DNA binding sequences remained

unclear. While this study aimed to identify how the known inducing conditions

for the T3SS-1 and exsA were transduced from extracellular environment to

exsA activation, we were only successful in identifying and characterizing one

step immediately upstream of exsA expression. How environmental signals are

184
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transduced to activate the expression of HlyU, followed by exsA and T3SS-1

biogenesis, is not yet understood. Two other genes of interest were identified in

the transposon screen, namely phoX and merR, and should also be explored in

future studies (see Section 6.2 The T3SS-1 Regulatory Paradigm and HlyU).

In Chapter 3, we explored how HlyU de-represses H-NS, by studying unique

sequence elements found at the HlyU binding site. While in Chapter 2 we had

identified that HlyU bound to a region of DNA 56bp in length within the exsBA

intergenic region byDNaseI footprinting, wewanted to better resolve the sequence

elements necessary for HlyU-DNA interactions (Figure 2.6). We narrowed

HlyU-DNA binding to a palindromic sequence centered in the DNaseI footprint by

EMSA analysis, and identified a number of inverted repeat sequences surrounding

it, which have the propensity to formDNA cruciform structures (Figure 3.3AC and

B.1) [291]. Using in vitro T7 endonuclease analysis tied to DNA sequencing, we

identified that a cruciform structure does indeed exist overlapping the binding site

for HlyU, and that it is dependent on DNA supercoiling in that region (Figure 3.1

and 3.2). Mutational analysis of that region failed to remove a cruciform structure

entirely, as mutations often recreated a cruciform structure of similar stability

(Figure B.5), however mutations did have dramatic effects on exsA expression

and T3SS-1 protein secretion (Figure 3.4). Further, we identified an additional

promoter, downstream of HlyU binding and the known auto-regulatory exsA

promoter, which is also HlyU-dependent (Figure 3.7 and B.7). Finally, without

HlyU expression in a heterologous E. coli system, we are unable to express exsA

from its native promoters by over-expressing the auto-regulatory ExsA protein in

trans (Figure 3.6). Taken together, we have identified a DNA cruciform structure

that, through interactionswithHlyU in an as yet undefinedmechanism, is involved

in the regulation of exsA. The model we have proposed helps explain how H-NS

may be de-repressed by HlyU DNA binding to either a DNA superstructure or to

linear DNA, and is supported by other DNA topology studies which have shown
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H-NS de-repression though changes in DNA superstructure [329, 331, 508, 509].

However, data presenting in Chapter 3 did not show direct interaction between

HlyU and the cruciform structure, and did not interrogate H-NS DNA binding at

the exsA locus, except through its de-repression byHlyU. Therefore, while it seems

clear that a DNA cruciform is involved in regulation of exsA, it is unclear howHlyU

and the cruciform might interact to remove H-NS repression. To date and to the

best of our knowledge, this remains the first study to implicate a DNA cruciform

in the regulation of a virulence factor in bacteria.

In Chapter 4, I explored environmental signalling of sugar catabolism through

gene deletions in two related but distinct regulators NagC and Mlc. While these

proteins are well studied in E. coli, and how NagC and Mlc function to modify

the transcriptome of E. coli – through allosteric regulation by GlcNac-6-P and

through sequestration to the membrane by the glucose EIIBC PTS subunit – is

clear, the roles of NagC and Mlc in V. parahaemolyticus is unclear. Here, I

showed that NagC is involved in regulation of biofilm formation, chitin catabolism,

and – unexpectedly – exsA expression (Figures 4.3). Interestingly, considering

the role of NagC in the regulation of PTS sugar transporters, and the role of

these systems in cAMP homeostasis, we hypothesized that perhaps exsA was

under the control of cAMP levels in the cell, as in P. aeruginosa T3SS expression

[403, 510–512]. Indeed, CRP-cAMP binds to hlyU promoter DNA in EMSA

experiments, presumably at an almost perfect consensus sequence (Figure 4.5),

and a CRP deletion mutant has delayed and decreased activation of exsA, even

when corrected for growth (Figure 4.5). While it appears that NagC and CRP are

involved in the regulation of hlyU and consequently of exsA, additional studies to

characterize cellular levels of cAMP in these mutants, along with exploration of

hlyU expression in the CRP mutant, are necessary to understand this regulatory

paradigm. Unfortunately, the phenotypes associated with the deletion of Mlc

are less clear, as genetic complementation with mlc in trans failed to restore
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wildtype phenotypes, as seen by a significant growth defect (Figure 4.2A). Further

optimization of the complementation in the mlc null mutant will be required to

fully understand the phenotypes associated with that mutant.

Finally, in Chapter 5, I used transposon mutagenesis, along with whole

genome sequencing technologies, to explore the chitin catabolism pathway in V.

parahaemolyticus. While studies on this pathway have been completed in V.

cholerae, and extrapolated to V. parahaemolyticus, whole genome approaches

using transposon-sequencing could provide additional resolution and avenues for

exploration within this important feature of Vibrio spp., with implications for

their ecology and environmental survival [13, 91]. Indeed, using a streptomycin

resistant strain of V. parahaemolyticus and an optimized transposonmutagenesis

system, I performed whole-genome mutagenesis followed by transposon-junction

sequencing on transposon mutants cultured in either glucose or colloidal chitin

containing minimal media. Here, I confirmed a number of essential genes for

chitin catabolism in V. parahaemolyticus annotated as necessary in previous

studies (Figure 5.4) [27, 76, 87, 455]. This experiment also identified an

uncharacterized porin protein, genes in the general secretion pathway (T2SS),

and an uncharacterized MurR/RpiR transcriptional regulator as conditionally

essential for growth on colloidal chitin. While this study provides insight into

chitin catabolism in V. parahaemolyticus, it suffers from being only from a single

replicate. This experiment will need to be repeated to confirm results, along with

more direct genetic studies to confirm the necessity of individual genetic factors,

such as the uncharacterized porin and MurR/RpiR transcriptional regulator, as

well as some genes in the general secretion pathway.

In this chapter, and to close this thesis, I will explore the data presented and

provide next steps for each study moving forward. As conclusion, I will explore

the inter-connected nature of the studies presented and how these studies identify

that prokaryotic biology – specifically their ecology, environmental survival, and
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pathogenesis – cannot and should not be studied in isolation. While some of

the questions from Chapter 2 are dealt with in Chapter 3, additional questions

surrounding the activation of T3SS-1 remain, and it is unclear how the other

genes identified in the transposon screen in Chapter 2 – namely merR and phoX

– are involved in T3SS-1 activation. Chapter 3 provides insight into how HlyU

functions to de-repress H-NS, but leaves open questions about the mechanism

of H-NS de-repression, and how HlyU interacts with DNA at a DNA cruciform

to achieve de-repression. In Chapter 4, we explored NagC and Mlc function

in V. parahaemolyticus and identified biofilm formation and chitin utilization

as under the regulation of NagC. However, understanding how NagC influences

biofilm formation and chitin utilization will require further study. Chapter 4 also

identified NagC and CRP as involved in T3SS-1 expression, but additional studies

are necessary to confirm hlyU regulation by CRP, and how a nagC null mutant

disrupts cAMP-homeostasis. In Chapter 5, the design and implementation of

genetic studies to confirm the necessity of identified factors in the chitin utilization

pathway is required.

6.2 The T3SS-1 Regulatory Paradigm and HlyU

In Chapter 2, we identified an upstream activator of exsA, HlyU, and implicated

it in the de-repression of H-NS at the exsBA intergenic region. In Chapter 3, we

implicated aDNA cruciform structure adjacent toHlyUbinding at exsA as involved

in exsA regulation. In Chapter 4, I identified that HlyU expression itself appears

to be under the regulation of CRP-cAMP, although additional work is required

to confirm this. These studies enhance the understanding of exsA activation in

V. parahaemolyticus, and bring us closer to understanding how environmental

signals which induce T3SS-1 activation drive exsA expression (Figure 6.1).
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Figure 6.1: T3SS-1 Regulation in V. parahaemolyticus. Dashed lines around
proteins indicate that they are putative/proposed roles for the protein but have
yet to be proven. Dashed lines indicate an unclear connection between two
steps. A. Exposure to low Ca2+ and high Mg2+ conditions, as well as host cell
surface sensing, generate a signal to hlyU expression, through an as yet undefined
mechanism. We identified phoX in our transposon screen (Figure A.2), and it
is a known periplasmic phosphatase which appears to be under the regulation of
Ca2+, and therefore may be involved in the sensing of T3SS-1 inducing conditions.
Many of the steps between conditions and signal transduction to hlyU expression
are unknown, and are labelled with question marks and dashed lines. B. HlyU
is expressed upon exposure to inducing conditions, possibly through regulation
by CRP-cAMP, where cAMP itself appears to be regulated by NagC through
an unknown mechanism (Figure 5.6C and D). Following, HlyU binds DNA at
the exsBA intergenic region, attenuating a repressive DNA cruciform structure,
through an unknown mechanism. The internal promoter is activated, potentially
through the aid of MerR, and ExsA is expressed. ExsA is auto-regulatory, binding
to its own upstream promoter as a dimer, and drives robust expression of its own
gene. ExsA goes on to activate genes involved in T3SS-1 biogenesis.
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However, while the intention of Chapter 2 was to better understand how

T3SS-1 inducing conditions drive expression of exsA and subsequently the T3SS-1,

we only explored exsA activation by HlyU, in part because of the robustness

of the phenotypes associated with hlyU null mutations. Other genes were

discovered in our transposon mutagenesis screen, and were reported in the

publication associated with chapter 2, but were not explored in detail. A putative

HTH-regulator (vpa1473) overlapping the open-reading frameofmerR (vpa1472),

as well as phoX (vp0179), were identified in the moderate luminescence group,

which generated less luciferase expression than wildtype, but not as severely

reduced as hlyU mutants (Figure A.1). MerR family transcriptional regulators

have been identified in the activation of sigma70-dependent promoters, with

suboptimal spacers between the -10 and -35 elements [513]. Interestingly,

the locus of enterocyte effacement (LEE)-encoded regulator GrlA behaves in a

similar fashion, driving expression from promoters with a sub-optimal 18-bp

spacer between -10 and -35 elements in enteropathogenic E. coli (EPEC) [342,

514, 515]. Considering the discovery of a new, weaker, promoter for exsA

expression downstream of hlyU (see Figure 3.7 and Figure B.7), it is tempting

to hypothesize that perhaps polar effects from the transposition event into the

upstream vpa1473, might disruptmerR expression andprevent reliable expression

of the internal, cryptic promoter found in the exsBA intergenic region. The other

gene, PhoX, is a periplasmic phosphatase which is found broadly distributed in

marine prokaryotes, and appears to function in the assimilation of environmental

phosphate [516, 517]. PhoX activity is stimulated by calcium sensing in other

bacteria [518]. Given the activation conditions for exsA expression and T3SS-1

biogenesis include low Ca2+ conditions, PhoX may represent a functional step in

the sensing of calciumconditions, and transducing that signal to expression of exsA

or factors which activate exsA (Figure 6.1A). Additional genetic deletion analyses

on these genes will need to be conducted to confirm their roles in exsA expression
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and T3SS-1 biogenesis.

Conversely, a putative repeats-in-toxin gene rtx (vp1633) was identified in the

high luminescence group, generating significantlymore luciferase expression than

wildtype. An insertion mutant in a putative rtx gene generated a dysregulated

phenotype, that unlike H-NS, did not have a significant growth defect (Table A.1).

However, since publication of this Chapter in 2018, this gene appears to have been

updated as a pseudogene in the NCBI database, as it contains a stop codon in the

open reading frame, and is therefore missing the C-terminus [139, 269]. Without

further exploration, it is difficult to understand how this genemight be involved in

exsA expression, if indeed the annotated gene forms a functional protein product.

While our transposon screen identified the most dramatic candidates involved

in exsA expression, hlyU and hns, it is unlikely that we identified every gene

involved in exsA expression. Further screening of the transposon library may

identify additional candidates involved in the transduction of the environmental

signal to exsA. Another approach would be to replicate the exsA-luxCDABE

luciferase reporter transposon screen presented in Chapter 2, except using the

promoter region for hlyU to identify regulators of hlyU in the same inducing

conditions. As with exsA, this should identify regulators directly involved in

the regulation of hlyU, and may identify regulators involved in the sensing of

environmental conditions.

The initially identified HlyU-protected region in the exsBA contained a 14-bp

imperfect palindrome roughly centered in the protected region, as well as a

number of inverted repeat sequences, which have the propensity to form DNA

superstructures, namely cruciform structures. It seems clear that aDNA cruciform

exists at this site, that HlyU-binding partially overlaps the formation of the

cruciform structure, and that this DNA cruciform is involved in the regulation of

exsA. It is not clear, however, how HlyU and the cruciform interact to de-repress

H-NS at the exsBA intergenic region. As explored in the discussion from Chapter
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3, it is tempting to hypothesize that HlyU might bind to the bent DNA found at

the base of the cruciform structure, however, we do not provide data supporting

this hypothesis directly. On the contrary, HlyU appears to bind linear DNA in

vitro, and it therefore seems more likely that HlyU binds to linear DNA (Figures

2.6 and 3.3). DNA cruciform binding assays, using EMSA, have been developed for

HMGB-box family proteins which are known to bind bent DNA with high-affinity,

and have been successfully deployed in other studies [374, 519–522]. We

attempted these experiments, but had difficulty preparing a synthetic cruciform

in vitro. Further optimization and exploration of DNA cruciform binding by HlyU

using synthetic cruciforms which recapitulate the exsBA localized cruciforms in

vitro may provide clarity on whether HlyU might bind to the cruciform structure

itself.

Finally, HlyU itself may be under the control of catabolite repression through

cAMP-receptor protein (CRP) and cAMP, as presented in Chapter 4 (Figure 4.5

and Figure 6.1B). Although the data presented here is preliminary, the regulation

of T3SS-1 via the cAMP pathway is perhaps not surprising, given an analogous

T3SS in P. aeruginosa is also regulated by cAMP through a protein called Vfr

[403]. However, in P. aeruginosa, Vfr binds directly to the promoter region of

exsA to direct expression of exsA in the presence of cAMP. Our data indicates

that CRP-cAMP does not regulate exsA directly in V. parahaemolyticus, but

rather indirectly through a necessary de-repressor of exsA (Figure 6.1B). In E.

coli, cAMP regulates the glucose response; in the absence of glucose transport

across the membrane, an adenylate cyclase generates cAMP, which binds to

CRP and represses and activates genes involved in other catabolite pathways

[390]. However, how cAMP production is regulated in P. aeruginosa and V.

parahaemolyticus, and what the conditions are that drive cAMP increases during

virulence, are unclear [301, 403]. It is clear however, that cAMP levels increase

intracellularly in P. aeruginosa during T3SS-1 inducing conditions (low Ca2+ and
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high salt) [402, 523]. Further study, as indicated in the discussion for Chapter

4, is required to understand the regulation of cAMP in V. parahaemolyticus and

to confirm the role of CRP-cAMP binding in the expression of HlyU, including

but not limited to cAMP level characterization in exsA inducing conditions,

protein secretion and host-cell cytotoxicity assays against HeLa cells with the

crp null mutant, as well as more robust EMSA assays including a CRP-binding

site mutant hlyU promoter fragment. Given cAMP-CRP binding upstream of the

hlyU promoter, it appears likely that cAMP enhances the expression of hlyU, and

I expect that cAMP levels will increase inside the V. parahaemolyticus cell in

low Ca2+, high Mg2+ conditions, as is the case in P. aeruginosa [511]. Further,

given the delayed exsA expression phenotypes, crp null mutants should also lack

effective T3SS-1 dependent protein secretion and host cell killing. However, it is

possible that crp nullmutants will mirror nagCmutants in this regard, where exsA

expression is slightly reduced, but is still expressed enough for protein secretion

and cytotoxicity phenotypes similar to wildtype.

While previous studies have shown that exsA is auto-regulatory, and repressed

by H-NS, there were considerable gaps in understanding how exsA was activated

at the genetic level during inducing conditions to drive T3SS-1 biogenesis (Figure

6.1). Here, I have identified novel factors involved in the expression of exsA,

including HlyU-binding and a DNA cruciform within the exsBA intergenic region,

and cAMP-CRP regulation of hlyU (Figure 6.1). GenesmerR andphoXmay also be

involved in the activation of exsA, although their roles remain unclear and future

exploration is necessary (Figure 6.1). Taken together, this thesis has expanded

the knowledge surrounding exsA expression, and has attempted to bridge the gap

in knowledge surrounding how exsA, and subsequent T3SS-1 biogenesis, occurs

following exposure to low Ca2+, high Mg2+ conditions (Figure 6.1).
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6.3 Chitin Metabolism in V. parahaemolyticus

In Chapters 4 and 5, I diverted from V. parahaemolyticus T3SS-1 regulation,

and explored the function of two sugar catabolism genes in V. parahaemolyticus

(NagC and Mlc), as well as the necessary genes required for V. parahaemolyticus

growth on colloidal chitin. NagC and Mlc in V. cholerae have roles in GlcNAc

sensing and regulation of catabolism of GlcNAc, through direct binding to the

GlcNAc-6-P metabolite [425]. These two studies addressed chitin catabolism and

its regulation through a directed approach (Chapter 4) and a global one (Chapter

5). While assaying NagC and Mlc, I found that NagC regulates biofilm formation

and chitin utilization as noted by previous studies in other Vibrio spp., and that

Mlc is not involved in biofilm formation in V. parahaemolyticus, contrary to the

role of Mlc in V. cholerae biofilm formation [421, 423, 426–428]. In Chapter

5, I confirmed the role of a number of core chitin catabolism genes as necessary

for V. parahaemolyticus growth on colloidal chitin, as well as implicated an

uncharacterized MurR/RpiR transcriptional regulator, an uncharacterized porin

gene, and some genes in the general secretion pathway (Type II Secretion), as

necessary for this growth as well.

NagC is implicated in the expression of aminosugarmetabolismgenes inE. coli,

primarily in the repression of the nagE-nagBACD divergent promoters [419]. In

Vibrio spp., NagC has been implicated in chitin utilization and biofilm formation

[421, 423, 427, 428]. In Chapter 4, I confirmed that NagC null mutants are

unable to form biofilms on glass tubes, and they are de-repressed for chitinase

expression, as shown by increased zone-of-clearing sizes (Figure 4.3A and B).

While these phenotype appear robust and can be genetically complemented, how

biofilm and the chitinase genes are regulated by NagC is not clear. Considering

NagC-FLAG can be reliably expressed in V. parahaemolyticus, as shown with

nagC complementation in Chapter 4, the NagC-FLAG protein could be used in
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a Chromatin-immunoprecipitation Sequencing (ChIP-Seq) experiment to identify

the genomic binding sites for NagC (Figure 6.2). Previous studies have identified

that a conserved GR motif in the linker region of the HTH domain of NagC

and Mlc are essential for recognition of their binding sites. Mutating the NagC

linker sequence position G16 to R or A, and R17 to G or A leads to nagE

expression in E. coli, and demonstrates that NagC cannot bind to DNA with

these mutations [443]. These sites translate to the conserved GR motif in V.

parahaemolyticus NagC at amino acids G69 and R70. Therefore, using the

wildtype nagC gene, as well as a G69A,R70A mutant nagC non-specific binding

control, in a ChIP-Seq experiment would identify the DNA-binding sites for NagC,

and provide insight into how these processes are regulated by NagC (Figure 6.2).

This experiment would involve expressing FLAG-tagged versions of the NagC

proteins in V. parahaemolyticus, followed by cross-linking the proteins to their

DNA binding sites using a crosslinking agent like formaldehyde in vivo [524, 525].

Following, the DNA is isolated and fragmented, NagC-bound DNA is enriched

using immunoprecipitation (IP) with a FLAG-specific antibody, and the samples

are protease treated to remove the protein component (Figure 6.2). Finally, DNA

can be sequenced, to identify the sequences which were bound to both the NagC

bound regions and non-specific control to identify binding sites for NagC across

the genome (Figure 6.2). A number of tools exist for analyzing ChIP-Seq data,

including MACS, CisGenome, and MOSAiCS for single samples, and DBChIP for

comparing samples, as we would do here [525–529]. Here, I would expect to

identify the nagE-nagBC divergent promoters, as well as the nagA promoter

based on the literature, and also identify chitinase and biofilm related genes, as

demonstrated by data presented in Chapter 4 [427].

The global survey of chitin catabolism genes identified a number of interesting
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andnovel genes involved in the survival ofV. parahaemolyticus on colloidal chitin.

Here, we identified three novel genes/operons as involved in the chitin catabolism

pathway, an uncharacterized porin gene and a MurR/RpiR family transcriptional

regulator, as well as the gsp operon.

Beginning with the gsp operon, many of the genes characterized as T2SS

components, including most of the core components and the major pseudopilin

subunit (Figure 5.6), were essential for growth on chitin. Although this has not

been confirmed for many of the chitinase genes in V. parahaemolyticus, chitinase

genes are secreted via the T2SS in other bacteria, into the extracellular space,

to degrade large chitin molecules into oligomers which can be taken up into the

cell [477]. It appears likely that T2SS-dependent secretion of chitinases increases

fitness during growth in colloidal chitin. Particularly interesting here is the

identification of a number of minor pseudopilins (gspH, gspI, gspJ), as well as

a few core structural genes at the inner membrane (gspM and gspL), which do

not seem be conditionally essential for growth in colloidal chitin like other core

T2SS components (Table 5.8). Recent reviews on T2SS biology have indicated

that knowledge surrounding T2SS minor pseudopilins and their functions are still

somewhat unclear, although they are involved in the initiation of pseudopilus

elongation [200, 491, 530]. As well, in P. aeruginosa, minor pseudopilin subunits

aid in substrate loading into the T2SS [492, 493]. Our finding that some minor

pseudopilins are not essential may provide some clarity in the function of these

minor pseudopilins, and may identify that some psuedopilins, for example GspK,

are essential for chitinase secretion, while other minor pseudopilins are not.

To better resolve this, and to confirm the findings in the TnSeq study presented

in Chapter 5, I propose a comprehensive mutant analysis of the gsp operon, taking

particular care to delete genes while preserving the operon function and avoiding

polar effects (Figure 6.3). This can be done by allelic exchange, as performed

previously and presented in this thesis, with pRE112 allelic exchange
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vectors generated quickly by gibson assembly. To avoid polar effects, the new

deletion alleles should retain a few codons at both the N-terminal and C-terminal

coding sequence (Figure 6.3). After generation of individual mutants, the T2SS

can be assayed for its ability to secrete chitinases by a zone-of-clearing assay

on agar plates containing colloidal chitin, as well as another carbon source to

allow robust growth in the absence of chitinase secretion (See Section 4.4.8 and

Figure 6.3). While glucose may be an acceptable carbon source, it is possible

that chitinase secretion may be under the control of something that resembles

catabolite repression in E. coli, and so the selected carbon source may need

to be optimized with wildtype V. parahaemolyticus RIMD2210633 prior to the

mutant assays. Firstly, this experiment can confirm that it is indeed chitinases

that are secreted through the T2SS, which in turn generates the growth defect

seen in the TnSeq analysis (Figure 6.3). If this is indeed the case, I expect

that the core T2SS genes, for the outer membrane complex (gspD), the inner

membrane complex (gspC, gspF, gspL), the cytoplasmic ATPase (gspE), and the

major pseudopilin (gspG) will be essential for generating zones-of-clearing on agar

plates supplementedwith colloidal chitin, confirming the necessary genes from the

TnSeq study. However, the minor pseudopilin deletions will provide more clarity

on whether these pseudopilins are truly expendable for chitinase secretion, or if

this is an artifact in our TnSeq data and growth conditions (Figure 6.3).

The proposed functions of the MurR/RpiR transcriptional regulator and the

uncharacterized porin are a bit less clear. MurR is a MurR/RpiR transcriptional

regulator found in E. coli are involved in MurNAc catabolism in E. coli, and is

regulated in a similar fashion to NagC, where binding to MurNAc-6-P reduced

its affinity for DNA binding [482]. In Bacillus subtilus, MurR was identified as a

regulator for NagZ, a beta-N-acetylglucosaminidase that was essential for cell wall

processing [531]. Considering the role of beta-N-acetylglucosaminidases in the

catabolismofGlcNac oligomers, perhaps theMurR/RpiR transcriptional regulator
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controls one ormore beta-N-acetylglucosaminidase genes, such as NagZ [27, 455].

Further, the uncharacterized porin gene likely allows uptake of small aminosugar

molecules, like GlcNac monomers, and perhaps contributes to the movement of

GlcNAc oligomers that are not imported through the chitoporin [485]. Following

a similar approach to the gsp operon exploration, individual gene deletions will

need to be carried out to confirm the role of these genes in chitin catabolism, and

will open up avenues of exploration on how exactly these genes contribute in V.

parahaemolyticus.

6.4 Final Remarks: Virulence and Metabolism

Understanding broad prokaryotic biology is essential to predicting, controlling,

andmitigating damage associated with the emergence of new bacterial pathogens,

and outbreaks of existing bacterial pathogens [30, 91, 99]. While this thesis

has focused specifically on Vibrio spp., this is not unique to Vibrio. A recent

transposon mutagenesis study inMycobacterium tuberculosis identified SNPs in

metabolic genes of M. tuberculosis that predicted significant differences in their

ability to survive antibiotic stress [532]. Indeed, links between sugar metabolism

and virulence are widespread in bacterial and fungal pathogens [533–538]. This

thesis also demonstrates links between metabolism and virulence, as I have

identified PhoX, a periplasmic phosphatase involved in phosphate metabolism, as

connected to the expression of exsA in inducing conditions. As well, HlyU appears

to be under the control of cAMP,whichmay linkHlyUexpression to carbon sensing

through PTS transport of certain sugars. While the two focus points of this thesis,

chitin catabolism and T3SS-1 regulation, may appear disparate, they are both

important to understanding how Vibrio survive and replicate in the environment

and their human hosts, as well as how Vibrio deploy the molecular mechanisms at

their disposal to cause disease.
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Anthropogenic climate change is driving broad and diverse transformations to

the world’s oceans. Vibrio spp. infections – as well as new outbreaks and strains

of infectious Vibrio – are becoming more prevalent [34, 150]. Here, I clarified,

in part, how V. parahaemolyticus catabolizes an important carbon and nitrogen

source in the environment, and how this organism integrates environmental

signals to activate the highly cytotoxic T3SS-1. We identified HlyU as a necessary

regulator for the master-transcriptional T3SS-1 activator ExsA, and furthered our

understanding of how exsA is activated at the genetic level by implicating a novel

internal promoter and a DNA cruciform in exsA regulation. Further, I identified

that NagC is involved in biofilm formation, chitin utilization, and exsA expression

in V. parahaemolyticus, and that the impact nagC null mutations have on exsA

expression might be due to CRP-cAMP regulation of HlyU. Finally, I identified

novel factors involved in chitin catabolism in V. parahaemolyticus, namely an

uncharacterized porin and a MurR/RpiR family transcriptional regulator. While

this work stands to further understanding of the biology of V. parahaemolyticus,

future studieswill be required to address questions raised by thiswork. Ultimately,

understanding the broad biology of Vibrio pathogens, like V. parahaemolyticus,

will continue to be important to mitigating, predicting, and managing future

outbreaks of these consequential organisms.
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Below is the supplementary data file for the following manuscript:
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Low-moderate luminescence mutants
(Mean:155.1; Standard Deviation 22.32)
Isolate CPS OD600 Gene
38-G06 128.0 0.592 vp0529 (hlyU)
40-F04 132.0 0.505 vp0529 (hlyU)
40-A03 214.0 0.645 vp0529 (hlyU)
Moderate luminescence mutants
(Mean: 542.7; Standard Deviation 126.6)
Isolate CPS OD600 Gene
10-C06 330.0 0.449 Vp1473 (putative HTH)
9-G03 348.0 0.434 Vp0179 (phoX)
1-B02 374.0 0.466 N/I
1-F08 404.0 0.556 N/I
33-A11 410.0 0.553 N/I
High luminescence mutants
Isolate CPS OD600 Gene
8-E11 8276.0 0.135 vp1133 (hns)
9-G08 12822.0 0.206 vp1133 (hns)
28-F05 8162.0 0.125 N/I
45-B11 3980.0 0.103 vp1133 (hns)
31-G02 58707.0 0.564 vp1633 (rtx)

Table A.1: Selected transposonmutants after statistical selection for tdhS::exsAlux
library. The first number in the plate position identifier is the plate number in the
library and the second letter and number is the plate position of the respective
mutant. N/I (not identified); the sequence data was not of suitable quality to
identify the insertion.
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Figure A.2: Overexpression of HlyU-HIS in E. coli BL21(λDE3) using an IPTG
inducible T7 expression system. Total cell lysates were generated and subjected
to SDS-PAGE and Coomassie Blue staining. U=uninduced culture, I=2 hr post
induction with 0.4 mM IPTG. M = protein standard.
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Figure A.3: Electrophoretic mobility shift assay (EMSA) with the exsA promoter
region and purified HlyU-HIS. The left panel shows Sypro Green staining to
specifically detect DNA within the gel. The same gel was then subjected to Sypro
Ruby Red staining to specifically detect protein species within the gel. HlyU-DNA
complexes are apparent as slow migrating tight bands that stained with each
reagent.
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Figure A.4: Prism 6 generated graph of the non-linear regression equation above.
Plotted data points are from Table A.2 specifically Bound DNA and protein
concentration.



Appendix B

Chapter 3 Supplementary Data

Below is the supplementary data file for the following manuscript:

Getz, L.J., Brown, J.M., Sobot, L., Chow, A., Mahendrarajah, J., Thomas,

N.A. (2021) Attenuation of a DNA Cruciform by a Conserved Regulator

Directs T3SS-1 mediated virulence in Vibrio parahaemolyticus BioRxiv, DOI:

10.1101/2022.03.07.483294.
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Figure B.1: Identification of cruciform structures at intergenic regions in a variety
of Vibrio spp. Restriction digestion of cloned DNA from Vibrio spp. visualized by
agarose gel electrophoresis. 1-undigested plasmid, 2-linearized plasmid, 3-PvuII,
4-T7 Endonuclease, 5-T7 Endonuclease followed by PvuII. T7 Endonuclease
targets cruciform structures to cause double-strand break in a two-step process.
PvuII was used as it flanks the cloned DNA using sequences found in the plasmid
backbone and allows for restriction mapping. Red arrowheads in lanes of each
panel indicateDNA fragments released by digestion by PvuII andT7 endonuclease.
Black arrowheads indicate the linearized DNA fragment as shown in lane 2.
pBluescript (A) and pUC(AT) (B) are negative and positive controls respectively.
Other cloned DNA from Vibrio spp. Includes V. parahaemolyticus exsBA (C), V.
cholerae tlh-hlyA (D), V. vulnificus rtx operon region (E), and V. anguillarum
plp-vah (F)
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Figure B.2: Restriction maps of cloned Vibrio spp. DNA fragments. The terminal
PvuII sites are found within pBluescript, whereas the denoted internal restriction
sites were used for cloning Vibrio spp. DNA into the vectorś multiple cloning site.
The lowest free energy cruciform for each clonedDNA fragment is shown in red. In
the case of V. anguillarum, although cruciform structures were identified in silico,
cruciform cleavage was not detected (Figure B.1).
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Figure B.3: Growth curve for specified V. parahaemolyticus strains used within
the chloroacetylaldehyde pulse-chase experiment. exsBA-lux strains (WT) or
exsBA-lux (∆hns) were treated with chloroacetylaldehyde (CAA) or PBS (negative
control, untreated). No statistical difference was apparent between treated and
untreated strain growth rates over a 380-minute period.
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Figure B.4: HlyU-HIS Protein Purification. Nickel affinity chromatography was
used to purify HIS-tagged HlyU expressed using an IPTG induction protein
expression system in BL21(λDE3) E. coli. Coomassie stained SDS-PAGE lanes are
as follows: M - All Blue Protein Marker (Biorad), 1 - pre-induction cell lysate, 2 -
Post-IPTG induction cell lysate, 3 - pre-column soluble lysate, 4 - post-column
flowthrough, 5 -Wash fraction (i), 6 - Wash fraction (ii), 7 - Elution fraction
containing purified HlyU-HIS.
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Figure B.5: Palindrome analyzer results for exsBA inverted repeats and central
palindrome genetic deletions. The lowest energy cruciforms are shown. The
deletion of the central palindrome alone, or inverted repeat 2 (IR2) resulted in
a DNA juxtaposition that created a cruciform forming element (6-11-0) for three
exsBA constructs (∆IR2, ∆IR1∆IR2, and PAL).
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Figure B.6: A plasmid-based transcriptional fusion of the exsBA intergenic
region to a luxCDABE cassette is dependent on HlyU for maximal activity
in V. parahaemolyticus. Some background activity occurs in the absence of
HlyU presumably due to plasmid DNA replication, and changes in supercoiling
during bacterial growth. The measurements were taken 2.5 hrs post induction
(magnesium +EGTA) which corresponds to the maximal activity observed for
wildtype (WT) bacteria.
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Figure B.7: Two promoters exist at the exsBA intergenic region that transcribe
exsA. (A) DNA sequence of the exsBA intergenic region with corresponding
mRNAs labelled as discovered by 5ŔACE analysis. The light blue line indicates
the shortermRNA1 species, which begins 156bp upstreamof the exsA open reading
frame, while the light red line refers to the longermRNA2 species beginning 408bp
upstreamof the exsA open reading frame (exsAORF indicated by orange text). The
ExsA protein binding site is indicated by the brown line[139, 268] , and the HlyU
protected region previously reported [269] is indicated by the black line. The red
arrow identifies the beginning of the∆P2DNA fragment used to verify the existence
of the second promoter (Figure 3.7). (B) Schematic diagram of mRNA species
identified via 5’-RACE analysis in panel A. Colour scheme follows from panel A.
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Strain Cytotoxicity Score
Wildtype/VSV105 (Positive) +++
∆hlyU/VSV105 (Negative) -

WT/VSV105-exsA +++
∆hlyU/VSV105-exsA +++
IR1/VSV105-exsA +++
IR2/VSV105-exsA +++
PAL2/VSV105-exsA +
IV1/VSV105-exsA ++
IV2/VSV105-exsA +++
IV3/VSV105-exsA +++

Table B.5: Observed cell cytotoxicity of bacterial strains with or without
complementation of exsA. +++: cytotoxicity equal to wildtype, ++: cytotoxicity
less than wildtype, +: significantly less than wildtype, -: no cytotoxicity (relative
to uninfected control). n=2
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Below is a list of the gBlock DNA sequences ordered from IDT for the respective

Vibrio sppusing inT7 endonuclease assays and exsBA intergenic deletion analyses.

V. cholerae O1 biovar El Tor str. N16961; tlh-hlyA region:

CCCCGAGCTCGATAAGCTAGCTAAGCCAGCGATTAGAATAGAGAGTCTTTTTTTCATCG
TTTACTTCTTATCATTGAGTAATCAGAGTGAGGATCTGGTCAGATCTGTGGGTATTGTG
AATGAGGTATTCATCTGGTCAATGAAAACACCCAGCGGCTTCCCTAGGTTGGAAGTAAG
ATCAAGTCTAGTTGATGAAAGCATCACTATCTTCTTCTTACTTGAAGCGGCTACTGTGT
CGGTTAGGCGGGTTCATTTTGATTGCATAGTCAATCTATGCTTATACGGGTTCACTGAC
TCTTAAATTATGCTTTCTTATGTGTAAGCGTATTGAAATCTTTAGAGTTAAAATGGAGA
ACTTAACTTTTTTTAAATTATTCAATTAATCTTTAAATCAACTTTATAAATTAATTCAG
ACTAAATTAGTTCAAATTAAATTAGGCTCATTAAATAATATGAATATCAGTAATTGTTA
TTTTAGTAAGAATTATTTTACAGCAAATAAAAAGTCTTTAGAGGCTAAAATCTGTGATC
CGCTGTGAATTTTCAATTTTACCGTATTTTACATTTAGAAACATAAGTGATATTTCAGT
AAGTATGTGGTGGCAGAAAATATATACCAAAACTCCTTGGAGTTGCAGGTAGGCGGCAA
GAGAGCGAATCCTCATGAGCATGGATAAACTGTGTGATTAGGATGAACGAACGTGGCCA
ACACCGCTGCCGCTTCGAGTAAGAAGGGGATATGCATTTCTGCTAAAAGGATACGCGGT
AAGCCGTAGCAGTAAAGCCACACGCAAACTCAAGGATGACGAGGGTAACCCATGAGACA
CATGCAAAATGGGTATGTTCTAATTACTTGAAAATATAAGAATATTACTCAACTCAGAA
TTATAGAAGAGAGTTTATTAGCAACTATTAATTTGAGTGTTTGATATATTTCTTGTTTT
TTCAGTAGTTTGAGTATAAGTCACTTTGTTTGGAAATCTCTCTTGTAATAACACTAAAA
ATAACAGAGTCAGTGAGGTTTATATGCCAAAACTCAATCGTTGCGCAATCGCGATATTC
ACAATATTAAGCGCAATATCCAGTCCAACCCTGTTGGCAAATATCAATGAAGGTACCCC
CC

V.vulnificus (CMCP6, chromosome II); rtxA1 operon intergenic
region:

CCCCAAGCTTAAATTTCCCCTACTTATTTTATATAGATAAGACGAAAATTGTTCCTTTT
AAAAGGAATCACTCTCCGCCTGCAAGCTCAATTAAAAGGCAAAATATAAGAATTCAGCC
ATAAATAATTATTGTAATGTTTATTTTGTGTCGAAATATTACATCGTAAAACAGTGGTC
ATCAATAGACTTAAATCGATTATATTAGAGCAATTATTCTATTTTTATCGACCATTATT
CACTCAATTCCATATTCATGTAACAATCACCTTGATTACCTATTAACGTGATATGCATC
ATTCATTTGAATCAAATTTGTGCAATAAACACACAACAAAGACCAATAAACGAGCAAAA
CAGTCCGCAATTGATGACTCGAGCCCC
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V.anguillarum (J360 chromosome II); plp-vah region:

CCCCAAGCTTTTGGTTTAGGCACGTATCTACTAAAGAATAAGTGCGAAAGTGAAATTAA
AAAACTGGTCAGACCTATTTTGGATTTATGGTGTTAAGCGTCAATCAATAAACGACTAT
GTTGAACATTATTTGGTATTAAGATCAAACAATGAACTGTCAGTGGAGAAAATACGAAG
GGTTTTTATAAATCCTAATTTAGATAAATAACAATAAGGTTTTGCTTTATTAATTTTGT
TCTAATGTTAAATCTTAGTAGCTTAATAAAAATATCAATAAAATTATAATCAGTCAATA
TGTGTAAAAATCAAACAGTTTTATTGTGATTTTAAGCCACATTAAAAATCATTTCTCTT
TGTGTTTGTTATTTTAAGATCTATTAATAATTCGCCACAAAGGTGCCAAAAAACCAATG
TCCTTTTATTTTGTGGTCTGAAAAAATAAAAAATGGGTATTCATTTTCTTTTAAATACT
GTGATAACAATAAAAATGCTTACGAGGCTCGAGCCCC

exsBA deletion fragment for ΔIR1:

CCCCGAATTCGGTACCCCGTTTCTGTGTTTAGTTGGCCTGACACATCCATTTTCTACCC
TTCATAATTTTTAATTTCTCTCGTGTGTAAAAGAGAAACTGTCAAAGCACTACTTTGTT
TGTTGTTATTTCCTAAGCAGTACAATTTCAATTAAAGAAGCAAAGAAAAGAGCATAGAA
GTTCATATCACTTACCATACCCCCCGAAATAAATAGCGAATAGCTTAGAAACCGCCATT
CCTTCGAGGAATTAAGCAGCCTAAGCTCAAATACAGGCTTCTGAATGAGTAGTTGTTTT
ATTTTCAGATAGCGCTTTTACTTTCTTATAAGTCTATTTTTATTAAATAACGTTATGCT
ATTTAAACTCTGACTTTGTTTTTAATAAATTAAATTACTAATATGATAATAAAAATTAG
GAAACTACATTTCCAAAACCTTCAAATTGTTTGTTTTTTAATCCAAAACGCCAAGCCAA
CGTGTTCAAGGCGTAGGATATAATCATAAATCACACACTTGTGGCAATAGTTATTAATA
TAATTTCCAACTGTCCCGATGACTCATTTTTCGCAATTTTATTTATAAAAACGCTCAAC
AATTCTTTCACATTGAATTGGCTATTTCTATTCACATTTAATAAATTAGATAGCGCTAA
TTAAATGTAACCGATTGAGCTCCCC

exsBA deletion fragment for ΔIR2:

CCCCGAATTCGGTACCCCGTTTCTGTGTTTAGTTGGCCTGACACATCCATTTTCTACCC
TTCATAATTTTTAATTTCTCTCGTGTGTAAAAGAGAAACTGTCAAAGCACTACTTTGTT
TGTTGTTATTTCCTAAGCAGTACAATTTCAATTAAAGAAGCAAAGAAAAGAGCATAGAA
GTTCATATCACTTACCATACCCCCCGAAATAAATAGCGAATAGCTTAGAAACCGCCATT
CCTTCGAGGAATTAAGCAGCCTAAGCTCAAATACAGGCTTCTGAATGAGTAGTTGTTTT
ATTTTCAGATAGCGCTTTTACTTTCTTATAAGTCTATTTTTATTAAATAACGTTATGCT
ATTTAAACTCTGACTTTGTTTTTATATTAGAATAAATTAAATTAGATAATAAAAATTAG
GAAACTACATTTCCAAAACCTTCAAATTGTTTGTTTTTTAATCCAAAACGCCAAGCCAA
CGTGTTCAAGGCGTAGGATATAATCATAAATCACACACTTGTGGCAATAGTTATTAATA
TAATTTCCAACTGTCCCGATGACTCATTTTTCGCAATTTTATTTATAAAAACGCTCAAC
AATTCTTTCACATTGAATTGGCTATTTCTATTCACATTTAATAAATTAGATAGCGCTAA
TTAAATGTAACCGATTGAGCTCCCC
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exsBA deletion fragment for ΔIR1ΔIR2:

CCCCGAATTCGGTACCCCGTTTCTGTGTTTAGTTGGCCTGACACATCCATTTTCTACCC
TTCATAATTTTTAATTTCTCTCGTGTGTAAAAGAGAAACTGTCAAAGCACTACTTTGTT
TGTTGTTATTTCCTAAGCAGTACAATTTCAATTAAAGAAGCAAAGAAAAGAGCATAGAA
GTTCATATCACTTACCATACCCCCCGAAATAAATAGCGAATAGCTTAGAAACCGCCATT
CCTTCGAGGAATTAAGCAGCCTAAGCTCAAATACAGGCTTCTGAATGAGTAGTTGTTTT
ATTTTCAGATAGCGCTTTTACTTTCTTATAAGTCTATTTTTATTAAATAACGTTATGCT
ATTTAAACTCTGACTTTGTTTTTAATAAATTAAATTAGATAATAAAAATTAGGAAACTA
CATTTCCAAAACCTTCAAATTGTTTGTTTTTTAATCCAAAACGCCAAGCCAACGTGTTC
AAGGCGTAGGATATAATCATAAATCACACACTTGTGGCAATAGTTATTAATATAATTTC
CAACTGTCCCGATGACTCATTTTTCGCAATTTTATTTATAAAAACGCTCAACAATTCTT
TCACATTGAATTGGCTATTTCTATTCACATTTAATAAATTAGATAGCGCTAATTAAATG
TAACCGATTGAGCTCCCC

exsBA deletion fragment for ΔPAL:

CCCCGAATTCGGTACCCCGTTTCTGTGTTTAGTTGGCCTGACACATCCATTTTCTACCC
TTCATAATTTTTAATTTCTCTCGTGTGTAAAAGAGAAACTGTCAAAGCACTACTTTGTT
TGTTGTTATTTCCTAAGCAGTACAATTTCAATTAAAGAAGCAAAGAAAAGAGCATAGAA
GTTCATATCACTTACCATACCCCCCGAAATAAATAGCGAATAGCTTAGAAACCGCCATT
CCTTCGAGGAATTAAGCAGCCTAAGCTCAAATACAGGCTTCTGAATGAGTAGTTGTTTT
ATTTTCAGATAGCGCTTTTACTTTCTTATAAGTCTATTTTTATTAAATAACGTTATGCT
ATTTAAACTCTGACTTTGTTTTTATATTAGCTAATATGATAATAAAAATTAGGAAACTA
CATTTCCAAAACCTTCAAATTGTTTGTTTTTTAATCCAAAACGCCAAGCCAACGTGTTC
AAGGCGTAGGATATAATCATAAATCACACACTTGTGGCAATAGTTATTAATATAATTTC
CAACTGTCCCGATGACTCATTTTTCGCAATTTTATTTATAAAAACGCTCAACAATTCTT
TCACATTGAATTGGCTATTTCTATTCACATTTAATAAATTAGATAGCGCTAATTAAATG
TAACCGATTGAGCTCCCC



Appendix C

Chapter 5 Supplementary Data

Code generated to visualize the TnSeq data, using outputs from TRANSIT’s tpp

are shown here [472]. Visualization was generated using R and the GViz packages,

using adapted code from McCoy et al. [504–506].

1 # Adapted from MAGenTA Commandline tools to fit TRANSIT data outputs
by Landon J. Getz (2022)↪→

2 # Step 1: Prepare Environment:
3

4 # Load libraries for installed packages
5 library(seqinr)
6 library(Biostrings)
7 library(Gviz)
8

9 setwd('../TransitAnalysis/Viz/')
10 load(".RData")
11

12 # Fasta file for the reference genome, available on NCBI genomes
(RIMD2210633 from NCBI)↪→

13 Chr1File = "Chr1.fasta"
14 Chr2File = "Chr2.fasta"
15

16 # Gene Features formatted for Gviz track from a Genbank file using
the↪→

17 # GetGeneFeatures tool
18 # Format: tab-delimited text file with gene_id, gene_name, start,

end , strand, # and function fields↪→

19 Chr1geneFile = "gviz_Chr1.txt"
20 Chr2geneFile = "gviz_Chr2.txt"
21

22 # Step 2: Genome Axis and Sequence Tracks
23

24 # so Gviz doesn't look for NC_003028 in the UCSC site
25 options(ucscChromosomeNames = FALSE)
26

27 #Plot gTrack
28 gTrack <- GenomeAxisTrack(fontsize=12)
29 fcol <- c(A = "darkorange", C = "yellow", T = "darkred", G =

"darkgreen")↪→

274
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30 Chr1sTrack <- SequenceTrack(Chr1File, name = "Chr1", fontcolor =
fcol)↪→

31 Chr2sTrack <- SequenceTrack(Chr2File, name = "Chr2", fontcolor =
fcol)↪→

32

33 # Step 3: Genome Annotation Track
34

35 # A formatted file containing gene id, start, end coordinates, etc.
36 # Make sure coordinate columns 2 and 3 are numeric. If not then

reassign as numeric:↪→

37 # column is.numeric(genes[,2])
38 Chr1geneDF <- as.data.frame(read.table(file = Chr1geneFile, header =

TRUE))↪→

39 Chr2geneDF <- as.data.frame(read.table(file = Chr2geneFile, header =
TRUE))↪→

40

41 Chr1anTrack <- AnnotationTrack(start = Chr1geneDF\$start, end =
Chr1geneDF\$end, chromosome = "genome", strand =
Chr1geneDF\$strand,

↪→

↪→

42 id = Chr1geneDF\$gene_name, showFeatureId = TRUE, name = "Genes",
fill = "gray", fontcolor.item = "black", fontsize="16")↪→

43

44 Chr2anTrack <- AnnotationTrack(start = Chr2geneDF\$start, end =
Chr2geneDF\$end, chromosome = "genome", strand =
Chr2geneDF\$strand, id = Chr2geneDF\$gene_name, showFeatureId =
TRUE, name = "Genes", fill = "gray", fontcolor.item = "black",
fontsize="16")

↪→

↪→

↪→

↪→

45

46 # Step 4: Data Track (Reformat Chitin and Glucose Reads)
47

48 insertFit <- read.table("ChitinT2_Chr1.counts", header=TRUE)
49 insertFit\$seqnames <- "genome"
50 insertFit\$start = insertFit\$coord
51 insertFit\$end <- insertFit\$coord + 1
52 keepCols <- c("seqnames", "start", "end", "Tot_Templ_Ct")
53 insertFit <- insertFit[keepCols]
54 colnames(insertFit) <- c("seqnames","start", "end", "count")
55 insertFit2 <- read.table("GlucoseT2_Chr1.counts", header=TRUE)
56 insertFit2\$seqnames <- "genome"
57 insertFit2\$start = insertFit2\$coord
58 insertFit2\$end <- insertFit2\$coord + 1
59 keepCols <- c("seqnames", "start", "end", "Tot_Templ_Ct")
60 insertFit2 <- insertFit2[keepCols]
61 colnames(insertFit2) <- c("seqnames", "start", "end", "count")
62 merged <- merge(insertFit, insertFit2, by = c("seqnames", "start",

"end"), all = TRUE)↪→

63 colnames(merged) <- c("seqnames", "start", "end", "chitin",
"glucose")↪→

64 insertDataChr1 <- makeGRangesFromDataFrame(merged,
keep.extra.columns = TRUE, ignore.strand = TRUE, seqinfo = NULL,
seqnames.field = "seqnames", start.field = "start",
starts.in.df.are.0based = FALSE)

↪→

↪→

↪→
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65 insertDataChr1
66

67 insertFitChr2 <- read.table("ChitinT2_Chr2.counts", header=TRUE)
68 insertFitChr2\$seqnames <- "genome"
69 insertFitChr2\$start = insertFitChr2\$coord
70 insertFitChr2\$end <- insertFitChr2\$coord + 1
71 keepCols <- c("seqnames", "start", "end", "Tot_Templ_Ct")
72 insertFitChr2 <- insertFitChr2[keepCols]
73 colnames(insertFitChr2) <- c("seqnames","start", "end", "count")
74 insertFitChr2.2 <- read.table("GlucoseT2_Chr2.counts", header=TRUE)
75 insertFitChr2.2\$seqnames <- "genome"
76 insertFitChr2.2\$start = insertFitChr2.2\$coord
77 insertFitChr2.2\$end <- insertFitChr2.2\$coord + 1
78 keepCols <- c("seqnames", "start", "end", "Tot_Templ_Ct")
79 insertFitChr2.2 <- insertFitChr2.2[keepCols]
80 colnames(insertFitChr2.2) <- c("seqnames", "start", "end", "count")
81 merged2 <- merge(insertFitChr2, insertFitChr2.2, by = c("seqnames",

"start", "end"), all = TRUE)↪→

82 colnames(merged2) <- c("seqnames", "start", "end", "chitin",
"glucose")↪→

83 insertDataChr2 <- makeGRangesFromDataFrame(merged,
keep.extra.columns = TRUE, ignore.strand = TRUE, seqinfo = NULL,
seqnames.field = "seqnames", start.field = "start",
starts.in.df.are.0based = FALSE)

↪→

↪→

↪→

84 insertDataChr2
85

86 Chr1aggTrack <- DataTrack(insertDataChr1, chromosome = "genome",
groups = c("chitin", "glucose"), ylim = c(0,300), type = c("h"),
col.baseline = "gray", col = c("darkblue", "darkgreen"), legend
= TRUE, fontcolor.legend = "black", box.legend = TRUE, name =
"Read Counts")

↪→

↪→

↪→

↪→

87

88 Chr2aggTrack <- DataTrack(insertDataChr2, chromosome = "genome",
groups = c("chitin", "glucose"), ylim = c(0,300), type = c("h"),
col.baseline = "gray", col = c("darkblue", "darkgreen"), legend
= TRUE, fontcolor.legend = "black", box.legend = TRUE, name =
"Read Counts")

↪→

↪→

↪→

↪→

89

90 # Step 5: Plot Tracks
91

92 # NagBC-NagE
93 # Specify viewing window start and end coordinates
94 fromCoord = 858900
95 toCoord = 863500
96 # Change surrounding flanking region x = 1000
97 y = 500
98 # Highlight Track
99 htChr1 <- HighlightTrack(trackList = list(Chr1aggTrack), fill =

"white",↪→

100 col = "transparent", start = fromCoord, end = toCoord, chromosome =
"genome")↪→

101 # Plot all Tracks
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102 nagEnagBC <- plotTracks(list(gTrack, Chr1anTrack, htChr1),
background.title = "lightgray", fontcolor = "black", fontsize =
10, from = fromCoord - y, to = toCoord + y, type = c("a"),
fontcol = "black",

↪→

↪→

↪→

103 col.title = "black", axis.col = "black", fontface.main = 2,
fontfamily = "Arial")↪→

104

105 # NagB
106 # Specify viewing window start and end coordinates
107 fromCoordChr2 = 30000
108 toCoordChr2 = 34000
109 # Change surrounding flanking region x = 1000
110 y = 500
111 # Highlight Track
112 htChr2 <- HighlightTrack(trackList = list(Chr2aggTrack), fill =

"white", col = "transparent", start = fromCoordChr2, end =
toCoordChr2, chromosome = "genome")

↪→

↪→

113 # Plot all Tracks
114 nagB <- plotTracks(list(gTrack, Chr2anTrack, htChr2),

background.title = "lightgray", fontcolor = "black", fontsize =
10, from = fromCoordChr2 - y, to = toCoordChr2 + y, type =
c("a"), fontcol = "black", col.title = "black", axis.col =
"black", fontface.main = 2, fontfamily = "Arial")

↪→

↪→

↪→

↪→

115

116 # GspC-L
117 # Specify viewing window start and end coordinates
118 fromCoord = 142500
119 toCoord = 154500
120 # Change surrounding flanking region x = 1000
121 y = 0
122 # Highlight Track
123 htChr1 <- HighlightTrack(trackList = list(Chr1aggTrack), fill =

"white", col = "transparent", start = fromCoord, end = toCoord,
chromosome = "genome")

↪→

↪→

124 # Plot all Tracks
125 GspCL <- plotTracks(list(gTrack, Chr1anTrack, htChr1),

background.title = "lightgray", fontcolor = "black", fontsize =
10, from = fromCoord - y, to = toCoord + y, type = c("a"),
fontcol = "black", col.title = "black", axis.col = "black",
fontface.main = 2, fontfamily = "Arial")

↪→

↪→

↪→

↪→

126

127 # Chis-CBP-ABC transporter operon
128 # Specify viewing window start and end coordinates
129 fromCoord = 2604500
130 toCoord = 2624000
131 # Change surrounding flanking region x = 1000
132 y = 1000
133 # Highlight Track
134 htChr1 <- HighlightTrack(trackList = list(Chr1aggTrack), fill =

"white", col = "transparent", start = fromCoord, end = toCoord,
chromosome = "genome")

↪→

↪→

135 # Plot all Tracks
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136 CBPOperon <- plotTracks(list(gTrack, Chr1anTrack, htChr1),
background.title = "lightgray", fontcolor = "black", fontsize =
10, from = fromCoord - y, to = toCoord + y, type = c("a"),
fontcol = "black", col.title = "black", axis.col = "black",
fontface.main = 2, fontfamily = "Arial")

↪→

↪→

↪→

↪→

137

138 save.image()
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