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Abstract

The microbial ecosystem exists in a mutualistic relationship with its host, contributing to
a healthy gastrointestinal tract. Growing evidence supports the role of microbial-immune
interactions in functional gastrointestinal disorders (FGIDs), including irritable bowel
syndrome (IBS). However, these mechanisms are poorly understood. It has been
hypothesised that taxonomic and gene abundance in the faecal microbiota and gene
expression of peripheral blood mononuclear cells (PBMCs) could discriminate FGID
subtypes (functional constipation (FC), IBS constipation, functional diarrhoea (FD), IBS
diarrhoea) from each other and healthy subjects (controls). A second hypothesis was that
consuming two gold kiwifruit daily for four weeks had a different effect on the microbial
composition and gene abundance than psyllium in constipation predominant FGID

subjects or controls. A systems biology approach was used to address these hypotheses.

Different microbial compositional and gene abundance profiles were associated with
constipation and/or diarrhoea, particularly facultative anaerobes and obligate fermenters,
and genes related to tyrosine metabolism, secretion systems and micronutrient utilisation.
Differentially PBMC expressed immunoglobulin variable domain genes were shared
among FGIDs, except for IBS constipation. Increased expression levels of interferon-
induced genes and those linked to the complement system and platelet functions
characterised the immune signature of functional constipation. Increased expression
levels of immunoglobulin variable domain associated with immunoglobulin E/G
receptor-mediated pathways characterised the immune signature of IBS diarrhoea and
FD. Further analyses showed that computationally selected microbial, immune gene and
symptomatic variables were associated with constipation or diarrhoea predominant
FGIDs, and that symptoms remain the best way to discriminate among FGIDs or controls
than PBMC genes or microbial taxa except for FC, which was best discriminated from
other FGIDs or controls by selected PBMC genes. Eggerthella and Bacteroides were the
only genera that differed between subjects consuming gold kiwifruit or psyllium or
between each intervention compared to pre-intervention levels, regardless of the digestive
health status of the subjects. This PhD thesis presents novel insights into the host-
microbiota interactions underlying FGIDs and the microbiota responses to daily
consumption of two gold kiwifruit over four weeks in constipation predominant FGID
subjects. The knowledge generated can be used for future research on food-based

treatments supporting gastrointestinal health and comfort.

i



Acknowledgements

Firstly, I would like to thank my supervisors Professor Warren McNabb, Professor Nicole
Roy and Dr. Wayne Young for your continual support, encouragement, guidance, and
patience throughout this PhD. Thank you for being so understanding and helping me to
believe in my abilities. Thank you for the opportunity to attend and present at my first

international conference.

I would like to express my gratitude to Denise Martin, John Henley-King, Meg Wedlock,
Terri Palmer and the very missed Ansley Te Hiwi, for all their admin work behind the
scenes. Terri and Ansley assisted me from my very first steps at the Riddet Institute, and

they have always been there at any moment. Thank you for your infinite patience.

I would like to acknowledge and thank the Ministry of Business, Innovation and
Employment (MBIE) via the High-Value Nutrition National Science Challenge (HVN),
AgResearch, the Riddet Institute and The University of Otago for financially supporting

my project and scholarship.

Thanks to Richard Gearry, Phoebe Heenan and Simone Bayer for organising and
coordinating the COMFORT and PSYKI studies. Thank you also to Karl Fraser,
Catherine Wall, Olivier Gasser, Tim Angeli, Amber Milan, Eric Altermann, Janine
Cooney, Nick Talley, and Jane Mullaney for contributing to this project. To the
AgResearch technician Hilary Dewhurst and former technician Melanie van Gendt, thank

you for your help and guidance in the lab.

Thanks to my colleagues from our cosy office at AgResearch that shared this experience
with me, Linda Ogutu, Shanalee James, Starin McKeen, Christine Halliday, Ankita Jena,

Nina Butowski and Francis Phimister.

To my family, Mum and Dad, thank you for putting up with the emotions that come with
a PhD, and for supporting me from the other side of the world. Aunty and Uncle for
reminding me to take care of myself. I would like to acknowledge my cat Giuliano for
tolerating me living in his house and keeping me company while working from home

during the pandemic.

To my precious friends, for supporting me during the difficult times and my poor life
choices, for sharing many adventures, for keeping my lifestyle healthy with hikes, gym

and dancing, and for making this experience unforgettable. Thank you for being the

il



amazing people you are, Adrian Grande, Juls Rojas, Linda Nezbedova, Davide
Fraccascia, and Mara Lauriola. Thanks to whom has been walking with me during these

years and to whom left, as I learned something from it.

Finally, thank you, New Zealand, for giving me this amazing opportunity for professional

and personal growth.

v



Table of contents

Chapter 1 Review Of [IETAtUIE ......c.eeiuiiiiieiiecieeiie et 1
LT INrOAUCHION ..ottt sttt 2
1.2 Functional gastrointestinal diSOrders............ccoeeuieriieiieniienienieeiee e 3

1.2.1  Post-infectious irritable bowel syndrome..........ccceceeecerercuercscnnccscnnccsnnes 6
1.3 A microbial signature in health and functional gastrointestinal disorders ......... 8
1.3.1  Microbial signatures in irritable bowel syndrome subtypes............... 10
1.3.2  Microbial modulation of immunity and homeostasis ........cc.ccceeevureenns 15
1.3.3  Microbial regulation of epithelial barrier function..............c.cceueeeunen. 19
1.4  Biomarkers to discriminate functional gastrointestinal disorders. ................... 22

14.1 Toward an immune signature in functional gastrointestinal disorders

23

1.5  The link between dietary components and functional gastrointestinal disorders

27
151 FIDIE auieciiniinnenntennnnsncnnecssecssessssesssecsssessssssssesssessssessssssssssssasssssssssses 29
152 FALS coueciecninnieniecnnecsneisnnsssecsssecssnssssssssesssseesssssssssssassssesssssssassssasssessssses 30
1.5.3  ProteiNS..cccccnscisecnseecsnnssnnnsecssnecssnsssaesssecsssecssnssssssssassssssssssssassssasssssssssses 30
1.5:4 VItAIMNS ceoeiinniinienisnecsennineisecssnecssessssesssncsssecssnssssssssasssssssssssssssssasssssssssses 31
1.6  Effects of kiwifruit on gastrointestinal parameters and microbiota ................. 35
1.6.1  The gastrointestinal microbiota .........ceeevvericrverinvserisiercssnncssnencssnnecsnns 39
1.6.2  Motility and epithelial barrier function ..........ccoeeevveecsenisecnseesseecsnnnns 40
1.6.3  IMMUNIEY..oiiineiiiiinriiiinninisnncssssncsssncsssncsssnsssssssssssesssssesssssosssssssssssssssssssans 41
1.7 PhD diSSEItation OVEIVIEW.......eoueeruieieriienieeienitenieetesieesieetesitesteetesieesieeae e 48
1.7.1  Main hypotheses and aimS......cc.cceeeveicivricssenicssnrcssssresssressssncsssssssssesnns 50

Chapter 2 Characterisation of the taxonomic composition and gene abundances of the

faecal microbiota in subjects with functional gastrointestinal disorders ..........c..cc..c...... 53



2.1 ADSITACT. e 54

2.2 INOAUCLION ..ottt e 55
2.3 Hypothesis and @iMS........cccueeuiiriieiiieniieeieerie ettt et seeeeaee e 58
2.4 Materials and MethOods ........coceiiiriiiiiiiiniiieeeeee e 59
2.4.1  Study POPUIALION ..ueeeeeueeiersniiissnrinssnninssnnessnresssncssssnessssscssssssssssssssssssssass 59
2.4.2  Biological SAMPIES ....ccoeerevvericssnricssnninssnnissnresssncssssnessssncsssssssssssssssessssses 63
2.4.3  Shotgun metagenomic SEQUENCING .......ccovverersrrrcrsrrcsssrrcssssecssssssssssessssnes 64
2.4.4  Data acquisition and statistical analysiS......ccccceeveeerueiseccseecsercsnecseeccnnes 65
2.5 RESUILS ceeieee e 71
2.5.1  Faecal microbiota diversity ......cccccceevvercsssnrcssnrcssnnicssnnncssssscssnsecsnsessssnes 71
2.5.2  Taxonomic analysis of the faecal microbiota............ceecueesueriuenuecnnee 71
2.5.3  Functional analysis of the faecal microbiota ...........coueeveeevuerieennecnnee 920
2.0 DISCUSSION. ..c..teutiiuiiiiitieieett ettt ettt ettt ettt st sb et st sae et st e bt e beeatesaeenee 101
2.6.1  Microbial hydrogen metabolism in constipation and diarrhoea....... 101
2.6.2  Microbial fermentation in constipation and diarrhoea...................... 102
2.6.3  Microbial protein metabolism in constipation and diarrhoea........... 104
2.6.4  Constipation predominant FGIDS........ccccccceverinveicrsnicscnnicssnrccssnnecsnns 105
2.6.5 Diarrhoea predominant FGIDS .........cccevverirvercncnicssnicssnnncsssnecsssecens 109
2.6.6  Strengths and lIMitationS.........ceevvricvserinssencssnrcssnrcssnncssssncssssessssesnns 110
2.7 CONCIUSION ...ttt ettt ettt sttt nae e 112

Chapter 3  Characterisation of the gene expression profile of peripheral blood

mononuclear cells in subjects with functional gastrointestinal disorders and healthy

SUDJECES ..ttt ettt ettt et et et et e et e e bt e st e et e e e ate et e e e tte e beeeaaeenbeeenbeenseeenbeenbeennbeenraas 113
3l ADSITACT. ettt 114
3.2 INEFOUCHION ..ottt et 115
3.3 Hypothesis and @iMS.........ceeouieriiiiiieniieiiecie ettt eee s ens 118
3.4  Materials and Methods ...........coocuieiiiiiiieniiiiieeee e 119

3.4.1 Isolation of peripheral blood mononuclear cells ..........cccceeeeeuueeerunnee. 119



3.4.2  Purification of RNA from RNAprotect stabilised peripheral blood

IMONONUCICAL CELIS.....ierrrererrriiereererreennreseseeeeereessssssssssssssssssssssssssssssssssssssssssssssssaes 120

3.4.3 Quantitative and qualitative analysis of RNA from peripheral blood

MONONUCIEAT CElIS...uuuiiniinuiiiniiiniinsiinsiinstenstenntecsaeissnesssecssseessessssesssesssssssssssssssses 120
3.4.4  Acquisition of gene expression data..........eeevceecrsercssneicssnnccssnsecsnnees 121
3.4.5  Statistical analysis of gene expression data...........ccceevuveercurccscnrccsnncene 123
3.5 RESUIS ettt enaeens 125
3.5.1 Diarrhoea predominant irritable bowel syndrome...........ccccceeeeueeeee. 125
3.5.2  Functional diarrhoea ..........eeeecneenneensnensennsnensenssnecsecssnenssecsseessenes 130
3.5.3  Constipation predominant irritable bowel syndrome ............cccc.cc.... 134
3.5.4  Functional conStipation .........cocceeervercssnrcssnicsssnncssssecssssesssssesssssssssseses 136

3.5.,5 Constipation predominant FGIDs and diarrhoea predominant FGIDs
142

R I B ) R To1 8 K1) (o ) o WO 150

3.6.1 The PBMC gene expression signature in diarrhoea and constipation

150
3.6.2 The PBMC gene expression signature in diarrhoea ..........ccccceeeueeeee. 151
3.6.3 The PBMC gene expression signature in constipation ...........cceeeeeee. 152
3.6.4  Strengths and lMItations.......cocceeervverersercssnrcssnicssnnncsssnecssssesssssssssssees 155
3.7 CONCIUSION ....cuiiiiiieiiieeiie ettt ettt ettt ettt e s eebeesateenseessbeensaesnneens 157

Chapter 4 Correlations between faecal microbial composition and gene abundance,

immune gene expression and symptoms of subjects with functional gastrointestinal

disorders and healthy SUDJECES.........ccuieiiiiiiiiiiiiiie e 158
A1 ADSITACE. ..ttt ettt 159
4.2 INEOAUCLION ..ottt ettt et 160
4.3 Hypotheses and ATMS........ccecueeiiieriieiiieiieeiieeie ettt see e seneeeees 162
4.4  Materials and Methods .........coceevueriiiiiiiiiiiiieeeeee e 163

4.4.1  Study POPUIALION ..ueeeeeueriiivnriissrninisnrinsseiesssncsssiessssrcssssssssssssssssssssssessens 163

vii



4.4.2  Dataset integration analysis for biomarker discovery using latent

COMPONEIILS covvreerrareesssressssnessssosssssossssssssssesssssssssssesssssesssssosssssosssssssssssssssssssssssssssses 164

4.4.3 Predictive performance of classification model of functional

gastrointestinal diSOTders ......cuicvvuriervriiisriiisnninssnnissssresssressnsncsssnncssssssssssssssees 165
4.5 RESUILS oottt eneas 168

4.5.1  N-integration across multiple data sets with data integration analysis

for biomarker discovery using latent COmponents.........ccoceeeveecruersseenseecsnecsane 168

4.5.2  Establishment of classification model of functional gastrointestinal

QESOTAETS «uueeeereeennneeeereeereeeensesssssscsessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssannns 182
4.6 DISCUSSION. .ottt 187

4.6.1 Integration of microbiota, immune gene expression and symptoms in

constipation predominant functional gastrointestinal disorders..................... 187

4.6.2  Integration of microbiota, immune gene expression and symptoms in

diarrhoea predominant functional gastrointestinal disorders...........ccccceruueesee 188

4.6.3  Establishment of a classification model for functional gastrointestinal

QESOTAETS «uueeeereeennneeeereeereeeensesssssscsessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssannns 190
4.6.4  Strengths and lIMitationS........eeevvricrverinssercssercssnrcssnrcssssncssssecsssesens 191
AT CONCIUSION ..ot 192

Chapter 5 The effect of the daily consumption of two gold kiwifruit on the faecal

microbiota composition and gene abundance in healthy subjects or subjects with

CONSEIPALION ..ottt ette ettt e et e e it eeteestteeabeesaeeesbeesseeenseessaeenseassseenseensseenseesssennseas 193
ST ADSITACT. ettt 194
5.2 INFOAUCTION ..ottt sttt 195
5.3 Hypothesis and ATMS........cccccceeriiiiriiiniieiiecie ettt eee s ens 199
5.4  Materials and Methods .........c.coocuieiiiiiiieiiiiiieeee e 200

5.4.1  Study population and deSign.........ccceeverereerersercssnrcssnrcsssnncssseecsssesens 200
5.4.2  Sample collection and analysiS.......ccceeversrrcssercssnrcsssnrcssssncssssecsssecens 201
5.4.3  Data analySes .....cccuveeeivricssnnicssnnissssnissssiesssisssssiosssssessssssssssssssssssssssssens 203
5.5 RESUILS ot 205



5.5.1  Overview of the taxonomic and functional analysis of the faecal

111110 1] 1) 1] OO OOt 205
5.5.2  Multivariate analySes .....cccccccerveicssrrcsssnrcsssncssnsresssnncssssscssssssssssssssssessens 205
5.5.3  Univariate analyses of microbial taxonomic composition ................. 214
5.5.4  Univariate analyses of microbial gene functions........ccccceeevueeercurccnns 214

5.5.5 Canonical correlation analysis of faecal microbiota with

gastrointestinal and non-gastrointestinal symptom outcomes datasets.......... 221
5.6 DISCUSSION..c.utitiiitiriieteite ittt ettt ettt ettt ettt ettt e bt et sbtenbe et saeenbeenees 225
5.6.1  Microbial taxonomic COMPOSItION ......ccevvererserersercssnrcsssnncsssnecssnecens 225
5.6.2  Microbial gene abundances............ccevverersercssercssnrcsssnncssssncssssecsssesnns 226

5.6.3  Correlation between faecal microbiota composition and constipation

predominant FGID SyMPLOMS .....cccceeerverisssrressssresssnessnsressssnessssscssssssssssssssssssens 228
5.6.4  Strengths and lIMitationS.........ccevvrievverincsencssnrcssnrcssnrcssnsscssssecsssesens 230

5.7 CONCIUSION ....eiutiiiiiitiiieete ettt ettt ettt sttt et e b enees 232
Chapter 6 General diSCUSSION.........ccuieriiieiiieriieeiieeieette et e ste et e sreeseesabeebeesaseeneeas 233
6.1  Background...........coocieiiiiiiiiee e 234

6.2  Specific commonly altered microbial and immune features in functional

gastrointestinal diSOTAETS ........ccuiiiiiiiiieiieie ettt 236
6.3  The microbial and immune signatures of the diarrhoea phenotype ............... 237
6.4  Functional constipation had a distinctive microbial and immune signature ..241

6.5 Symptoms most accurately discriminate functional gastrointestinal disorders

subtypes, except functional CONStIPALION ..........ccueeriieriieriiieiieeie et 243

6.6  Microbial taxonomic and functional changes after gold kiwifruit or psyllium

TNECTVEIIEION ...t eeiieeiieeetee ettt et e e ete et e st e et eseae e bt e saseesbeeeabeenseessseensaesnseanseansseensaesnseans 245
6.7  Strengths and IIMItations ..........cceeriiriiieiiiiiiieieeie e 246

6.7.1  Limitations due to study design and inclusion and exclusion factors

247
6.7.2  Limitations related to sample collection ..........cceecerervercscneccssnrccsnnnes 248

6.7.3  Limitations related to laboratory and data analytical procedures...249

X



6.8  Future perspectives.
6.9  Concluding remarks

References



List of figures

Figure 1. 1: Schematic representation of IBS pathophysiology..........ccceeveeviiinviniieienne. 6
Figure 1. 2: Dysbiosis in post-infectious IBS. .........ccccoviiiiniiniiniiieeeeeeeeee 8
Figure 1. 3: Comparison between mucosa-associated and faecal microbiota................. 14
Figure 1. 4: Host-microbe interactions mediated by SCFAS. ........ccccevviviininiicninnennne 18

Figure 1. 5: Potential role of mast cells in IBS and chronic low-grade inflammation....26

Figure 1. 6: The consequences of diet on a dysbiotic microbiota may lead to altered levels

of these metabolites, resulting in GI Symptoms. ...........ccceevieeiienieeiiienieeieee e 33

Figure 1. 7: Overview of the possible beneficial activities of green kiwifruit in the GI

Figure 2. 1: Workflow of the recruitment of participants of the COMFORT cohort. ....60

Figure 2. 2: The bowel patterns classified by the Rome IV criteria for the diagnosis of
FGIDS [43 1] oottt sttt 61

Figure 2. 3: Overview of the workflow for microbiota taxonomic and functional analysis.

Figure 2. 4: Microbial diversity analysiS.........cccccverieriienieniiieiieeieesiee e eiee e esiee e 72

Figure 2. 5: Faecal microbiota composition of controls and participants with FGIDs (FC,
FD, IBS-C, and IBS-D). Each colour represents a different microbial taxon at the family

level and each vertical column represents one individual.............ccoocveriiiiiiinieniiienene 73

Figure 2. 6: Bar plot of taxonomic composition means of the faecal microbiota of (left)
subjects with FC, FD, IBS-C, IBS-D, and controls and (right) subjects with constipation
(IBS-C+FC), diarrhoea (IBS-D+FD) and controls. Profiles were visualised individually
or grouped according to the symptom phenotype. ........cccveeeeeeiieniieeiiienieeieeee e 75

Figure 2. 7: PLS-DA score plots of the taxonomic composition of the faecal microbiota
of subjects with constipation (FC+ IBS-C), diarrhoea (FD+ IBS-D) and controls (A), and
subjects with IBS-C, IBS-D, and controls (B). ......ccccccueeiieniiiiieieeiieee e 76

Figure 2. 8: Venn diagramm. ......c.ccoceviiiiriiiniiiieieniteieeest ettt 89

Xi



Figure 2. 9: PLS-DA score plots of the gene abundances of the faecal microbiota (A) of
subjects with constipation (FC+IBS-C), diarrhoea (FD+IBS-D) and controls, and (B)

subjects with IBS-C, IBS-D, and controls. ..........cccerieeiiienieeiiieniieeieeee e 90
Figure 3. 1: Isolation 0f PBMCS. ....cc.cooiiiiiiiiiiiieeiee ettt 119
Figure 3. 2: The RNA-sequencing Workflow..........c.coccvveviiiniiiiieniiiiiieieceeeeeee, 122

Figure 3. 3: Volcano plots of gene expression in PBMC:s in subjects with IBS-D (A), FD
(B), IBS-C (C) and FC (D) compared to CONtrols. .........cccueevueeriieniienieeiieeieeiee e 126

Figure 3. 4: Nineteen DEGs and associated enriched pathways in PBMCs discriminating

among FGIDs compared to CONIols. ........c.ceoviiiiiiniieiiiie et 148

Figure 3. 5: Venn diagram of DEGs (A) and biological pathways enriched in the DEG
network (B) of PBMCs discriminating among FGIDs from controls. In (A) the red colour
represents genes with increased expression levels. The blue colour represents genes with
lower expression levels. In (B) arrows indicate the biological processes enriched in the
DEG network that are potentially affected by the changes in gene expression in each
FGID subtype. IBS-C was not included in the Venn diagram, as it did not have enough
DEGs to reach statistical SIZNIfICANCE. .........cecvieriieiiieriiieieeriie ettt 149

Figure 4. 1: Correlation and integrative analysis workflow of multi-datasets. ............. 167

Figure 4. 2: Outputs representing the variables selected by DIABLO from different
datasets with the strongest correlations, regardless of the digestive health status of the

PATLICIPANES. ...ttt ettt ettt et ettt et s bt e bt et e ebe e bt et e sbeenbeesnesbeenee 174

Figure 4. 3: Loading plots showing the loading weights of each DIABLO-selected
variable (faecal microbiota composition, PBMC genes and symptoms) in Panels 1 (A), 3
(B) and 2 (C) across subjects with FGIDs (IBS-C, IBS-D, IBS-M, FC, and FD) and

(010015 (0] KT 181

Figure 4. 4: Sparse Partial Least Square Discriminant Analysis (sPLS-DA) of microbial
taxonomic composition, symptoms and PBMC gene expression of subjects with
constipation (FC and IBS-C) (A) or subjects with diarrhoea (FD and IBS-D) (B)

cOMPATed t0 CONLIOIS. ...ouiiiiiiiiieiie ettt ettt et eite b e seaeeneees 185

Figure 4. 5: The area under the curve (AUC) of the receiver operating characteristic curve

(ROC) of subjects with FGIDs and controls, using selected values from Panel 3........ 186

xii



Figure 5. 1: Overview of the cross-over study of the total duration of 16 weeks......... 202

Figure 5. 2: Taxonomic composition of the faecal microbiota up to the genus level of
subjects with constipation predominant FGIDs (IBS-C or FC) and controls at baseline.
Colours represent genes related to the corresponding microbial category. Bars along the
X-axis indicate each subject group, and the Y-axis represents relative microbial

2] 0101 016 £ 4 Lot S 207

Figure 5. 3: (A) Taxonomic composition at the phylum level and (B) gene abundance at
KEGG level 2 of the faecal microbiota of subjects with constipation predominant FGIDs
(IBS-C or FC) and controls consuming two gold kiwifruit a day or a fibre-matched active

control, psyllium for four Weeks. ........ccceeviiiiiiiiiiiiieee e 209

Figure 5. 4: Principal component analysis (PCA) of the microbial taxonomic composition
at the genus level of subjects with constipation predominant FGIDs (IBS-C or FC) or
controls consuming two gold kiwifruit daily or a fibre-matched active control, psyllium,

o)l 10180 gty < T 210

Figure 5. 5: Principal component analysis (PCA) of the microbial gene at the highest
functional level (KEGG level 4) of subjects with constipation predominant FGIDs (IBS-
C or FC) or controls consuming two gold kiwifruit a day or a fibre-matched active control

psyllium, for fOur Weeks. ........ooviiiiiiiiiiiiece e 211

Figure 5. 6: Partial least squares discriminant analysis (PLS-DA) of the microbial
taxonomic composition at the genus level of subjects with constipation predominant
FGIDs (IBS-C or FC) or controls consuming two gold kiwifruit a day or a fibre-matched

positive control, psyllium treatment for four weeks. ........cccoocveeiiiiiiiiniiiiiiiee 212

Figure 5. 7: PLSDA of the microbial gene functions at the highest functional level (KEGG
level 4) of subjects with constipation predominant FGIDs (IBS-C or FC) or controls
consuming two gold kiwifruit a day or a fibre-matched positive control, psyllium

treatment fOr TOUr WEEKS. ...oooiiiiiiiiii 213

Figure 5. 8: Box plots showing the relative abundance of genera Bacteroides and
Eggerthella in faecal samples of all subjects (constipation predominant FGIDs and

CONrolS COMDINEA). .....ccciuiiiiiiiieiiie ettt e e e e e e ae e e aaee s 216

Xiii



Figure 5. 9: Box plots showing the relative abundance of the microbial gene categories
that were relatively more abundant in all subjects consuming two gold kiwifruit a day
compared to those consuming psyllium over four weeks and compared to their pre-

INEETVENTION LEVELS. e e e e e e e e e e e e e e e e e e e aeaeaeaeaeaeaeaaaeaeaeaenaaananas 219

Figure 5. 10: Heatmap of the correlations between the faecal microbiota composition at
the genus level and patient recorded gastrointestinal and non-gastrointestinal symptoms
(patient reported outcomes, PRO) of subjects with constipation predominant FGIDs (IBS-

C or FC) consuming two gold kiwifruit or psyllium daily over four weeks................. 222

Figure 5. 11: Canonical partial least squares correlations between the faecal microbiota
composition and recorded gastrointestinal symptoms in subjects with constipation
predominant FGIDs (A) or controls (B), consuming two gold kiwifruit or psyllium daily

OVET TOUL WEEKS. et e e e e e e e e e e e e e e e aeaeaaaaeeaaaeaeaeaaaaaaaaaasaaaaaaaaaaaaaaanas 224

Figure 6. 1: Overview of the most relevant findings obtained in this PhD thesis

dissertation underlying FGID pathophysiology. 240

X1V



List of tables

Table 1. 1: Main differences in faecal microbiota composition between IBS subtypes. F/B
ratio, Firmicutes:Bacteroidetes ratio [117]. The direction of the arrows indicates increased

(1) or decreased () relative abundance in comparison to controls. ..........ccccccveeveennennee. 12

Table 1. 2: Comparison between the nutritional values of the green and the gold kiwifruit

[353 ] coeemeeeeeeeeeeeseeeeeeeeeeeeesee e e e st s e s 36

Table 1. 3: Summary of findings from human studies with green or gold kiwifruit for

digestive health.........cc.ooiiiiiii e 37

Table 1. 4: Summary of findings from human, in vitro and in vivo studies investigating

the effect of the green or gold kiwifruit on the immune status. .........c.ccceceevueriiereenennnn. 44
Table 1. 5: Overview of the thesis StruUCtUIe. ..........ccoceriiririiinieniierecceeece e 52

Table 2. 1: Characteristics of the participants recruited in the COMFORT cohort,

including sex, age, education level and personal habits..........c..cccceeviriiniiiiniiinennenen. 62

Table 2. 2: Hierarchy of the 8§ major taxonomic ranks in the biological classification of

INICTOOTZANISIIIS. ..eevtervtenteeiteetteteettesteeteeatestt et e eutesbeebeesteebeenbeestesbeensesstesbeenbesntenbeensesanens 68

Table 2. 3: Relative abundance of pathobionts and potential pathogens across FGIDs at

the genus and species level compared to controls............cceeceievieriiiiiieniiieiieeieeeeee 80

Table 2. 4: Relative abundance of hydrogenotrophic microbes across FGIDs at the genus

level compared to CONLTOLS. ......eiiviiiiieiieie et 81

Table 2. 5: Relative gene abundance of microbial butyrate, propionate, and acetate
producers in FGID subtypes compared to controls. The arrows indicate increased (1) or
decreased (|) relative abundance of the taxa in comparison to controls in each subtype
with a false discovery rate (FDR) < 0.05. Odd ratios were used to rank the relative
enrichment or underrepresentation of microbial taxa, where OR <1 indicated enrichment

in the FGID group, and OR >1 indicated underrepresentation in the FGID group. ....... 82

Table 2. 6: Relative abundance of lactic acid bacteria across FGIDs at the family, genus

and species level compared t0 CONIOLS. ......cccvieruiiiiiieiiiiiieie e 87

Table 2. 7: Relative abundance of microbial genes associated with plasmid transfer, stress

resistance and copper homeostasis in IBS-D and FD, compared to controls.................. 94

XV



Table 2. 8: Relative abundance of genes involved in tyrosine and aromatic compounds
metabolism in FC and IBS-C, compared to controls. The analysis was conducted using
the SEED database at level 2 and the KEGG database at level 3 (pathways). Differentially
abundant functional categories between groups were identified by performing a pairwise
statistical analysis with a quasi-likelihood test. A positive logFC indicates higher
abundance in the FGID/IBS group, regardless of subtypes, and a negative logFC indicates

higher abundance in the coOntrol Group. .........cccveeeiierieriiieiieeie e 95

Table 2. 9: Relative abundance of genes involved in micronutrient metabolism in FC and
IBS-C, compared to controls. The analysis was conducted using the SEED database at
Levels 2 (pathway) or 3 (enzymes) and the KEGG database at Levels 3 (pathway) or 4
(enzymes). Differentially abundant functional categories between groups were identified
by performing a pairwise statistical analysis with a quasi-likelihood test. A positive logFC
indicates higher abundance in the FGID/IBS group, regardless of subtypes, and a negative

logFC indicates higher abundance in the control group..........ccccceceeveriieneineniienennenene 97

Table 2. 10: The relative abundance of genes associated with microbial secretion systems,

virulence, and social behaviours in FC and IBS-C, compared to controls. .................. 100

Table 3. 1: List of 10 DEGs with significantly increased or decreased expression (FDR<
0.05) in PBMC:s of subjects with IBS-D, compared to controls, using a quasi-likelihood

Table 3. 2: Pathways enriched from the network of 9 uploaded DEGs in PBMCs from
subjects with IBS-D, compared to controls, identified using the REACTOME database.

Table 3. 3: List of 9 DEGs with significantly increased or decreased levels (FDR< 0.05)

in PBMCs from subjects with FD, compared to controls, using a quasi-likelihood F-test.

Table 3. 4: Pathways enriched from the network of 9 DEGs in PBMCs from subjects with
FD, compared controls, identified using the REACTOME database. ...........cc.ccu......... 132

Table 3. 5: List of 10 DEGs with significantly increased or decreased levels (FDR< 0.05)
in PBMC:s of subjects with IBS-C, compared to controls, using a quasi-likelihood F-test.
Positive or negative log fold change (logFC) indicated higher or lower expression levels.

LogCPM (log counts per million) indicated the expression level..........c.cccccevirienene. 135

xvi



Table 3. 6: Pathways enriched from the uploaded network of 10 uploaded DEGs in
PBMCs from subjects with IBS-C, compared to controls, identified using the
REACTOME database. Pathway enrichment was determined with an over-representation
analysis with a hypergeometric distribution test. Benjamini-Hochberg FDR was
significant at <0.05. Entities found represents the number of mapped identifiers that
match the pathway for the selected molecular type. Entities total represents the total
number of identifiers in the pathway for the selected molecular type. The number of
submitted entities does not always match those found because of the redundancy of gene

names. Pathways involving only 1 gene were not considered. ..........c.ccccvevevierueennennnen. 135

Table 3. 7: List of the 25 most significantly DEGs with increased or decreased levels
(FDR< 0.05) in PBMCs from subjects with FC, compared to controls, using a quasi-
likelihood F-test. Positive log fold change (logFC) indicated higher expression levels.

LogCPM: log counts per million, indicating the expression level.........c..ccccceoerienene. 138

Table 3. 8: Fourteen pathways enriched from the network of 275 DEGs from subjects
with FC, compared to controls, identified with the REACTOME database................. 139

Table 3. 9: Proteins and molecules in the platelet o granules and platelet receptors that
DEGs with higher expression levels in PBMCs that discriminated subjects with FC or
subjects with constipation (IBS-C + FC) from controls. ..........cccccceeeiieiieniienienieenen. 141

Table 3. 10: Thirty-three pathways enriched from the network of 38 uploaded DEGs from
subjects with constipation predominant FGIDs (IBS-C and FC) and diarrhoea
predominant FGIDs (IBS-D and FD), compared to controls. ...........cccceecveerierreenennne. 144

Table 3. 11: Different Ig variable and constant domains whose gene expression levels in
PBMCs were differentially expressed in subjects with IBS-D, IBS-C, FC and FD, or
subjects with diarrhoea predominant FGIDs (IBS-D+FD) or constipation predominant
FGIDs (IBS-C+FC) in comparison to CONtrols. .........ccceevieerieeiiienieniieieeieeiee e 147

Table 4. 1: Schedule of COMFORT cohort variables and visits related to the current
SEUAY . 1.ttt ettt et e at e bt e tt e e beeeaae e bt e enbeenbaeenbeenbeennseenraas 163

Table 4. 2: Panels with the variables selected from faecal microbiota composition, PBMC
gene expression and symptom datasets of subjects with FGIDs (IBS-C, IBS-D, IBS-M,
FC, and FD) and CONLIOLS. ......c.eeeiuiiiiiieeciie ettt e 171

Xvil



Table 4. 3: REACTOME pathways enriched in PBMC gene cluster positively correlated
with the Peptostreptococcaceae family (0.66 > r > 0.5) in subjects with FGID and

(010015 (0] KT 175

Table 4. 4: Canonical partial least squares correlation between microbial composition and
PBMC gene variables selected from Panel 2 resulting from the Circos plot output across

subjects with FGIDs (IBS-C, IBS-D, IBS-M, FC, and FD) and controls...................... 177

Table 4. 5: Classification of FGID subtypes or controls compared to others based on the

area under the curve (AUC) of the receiver operating characteristic curve (ROC)......184

Table 5. 1: Microbial functional categories based on KEGG and SEED databases with
significantly different relative abundances in faecal samples of all subjects (constipation
predominant FGIDs and controls combined) consuming gold kiwifruit or psyllium in
comparison to the other intervention and pre-intervention levels (baseline/washout

COMDINEA)...ecuviiiiiii ettt ettt ettt e e et e e et e e e e abeeeetbeeeetseeeaaeeesseeessseesasseesnseeesnseeas 217

Xviii



List of abbreviations

ANOSIM: Analysis Of Similarities
AUC: Area Under Curve

BCFAs: Branched-Chain Fatty Acids
BCR: B Cell Receptor

CgA: Chromogranin A

CIM: Clustered Image Maps

COMFORT: Christchurch IBS cohort to investigate mechanisms for gut relief, and
improved transit

CSBM: Complete Spontaneous Bowel Movements
DEG: Differently Expressed Gene

DIABLO: Data Integration Analysis for Biomarker discovery using Latent
cOmponents

FC: Functional Constipation

FCERI: IgE Receptor

FCGR: IgG Fc region Receptor

FD: Functional Diarrhoea

FGIDs: Functional GI Disorders

FODMAPs: Fermentable Oligo-, Di-, Monosaccharides And Polyols
GI: Gastrointestinal

GO: Gene Ontology

GSEA: Gene Set Enrichment Analysis

GSRS: Gastrointestinal Symptom Rating Scale
GPRs: G-Protein-coupled Receptors

HADS: Hospital Anxiety and Depression Scale
IBD: Inflammatory Bowel Diseases

IBS: Irritable Bowel Syndrome

IBS-D: IBS-Diarrhoea

IBS-C: IBS-Constipation

IBS-M: IBS-Mixed

IBS-U: IBS-Unclassified

IFN: Interferon

XiX



IG: Immunoglobulin

IL: Interleukin

LogCPM: Log Counts Per Million

LogFC: Log Fold Change

LPS: Lipopolysaccharide

MAPK: Mitogen-Activated Protein Kinase

PBMC:s: Peripheral Blood Mononuclear Cells

PCA: Principle Coordinate Analysis

PI-IBS: Post-Infectious IBS

PLS-DA: Partial Least Squares Discriminant Analysis
PSYKI: Psyllium and Kiwifruit translation (study)
PRO: Patient-Reported Outcomes

PROMIS: Patient-Reported Outcomes Measurement Information System and Hospital
ROC: Receiver Operating Characteristic

ROS: Reactive Oxygen Species

SAGIS: Structured Assessment of Gastrointestinal Symptoms Scale
sPLS: Sparse Partial Least Squares

SRB: Sulphate-Reducing Bacteria

TGF: Transforming Growing Factor

TJ: Tight Junction

TLR: Toll-like Receptor

TNF: Tumor Necrosis Factor

XX



Chapter 1

Review of literature

Part of this literature review has been published in Frontiers in Cellular and Infection
Microbiology; “Caterina Carco, Wayne Young, Richard B. Gearry, Nicholas J.
Talley, Warren C. McNabb, Nicole C. Roy, Increasing evidence that Irritable Bowel
Syndrome and Functional Gastrointestinal Disorders have a microbial pathogenesis.
Frontiers in Cellular and Infection Microbiology, 2020 Sep 9;10:468. doi:
10.3389/fcimb.2020.00468. PMID: 33014892; PMCID: PMC7509092.”


https://pubmed.ncbi.nlm.nih.gov/?term=Carco+C&cauthor_id=33014892
https://pubmed.ncbi.nlm.nih.gov/?term=Young+W&cauthor_id=33014892
https://pubmed.ncbi.nlm.nih.gov/?term=Gearry+RB&cauthor_id=33014892
https://pubmed.ncbi.nlm.nih.gov/?term=Talley+NJ&cauthor_id=33014892
https://pubmed.ncbi.nlm.nih.gov/?term=Talley+NJ&cauthor_id=33014892
https://pubmed.ncbi.nlm.nih.gov/?term=McNabb+WC&cauthor_id=33014892
https://pubmed.ncbi.nlm.nih.gov/?term=Roy+NC&cauthor_id=33014892

1.1 Introduction

In the human body, there are about 39 trillion microbial cells, the majority of which
inhabit the gastrointestinal (GI) tract, forming a dynamic ecological environment
collectively known as the microbiota [1]. The microbiota encompasses up to 500 transient
and indigenous species, including bacteria, viruses, fungi and protozoa, and comprise up

to 20 million genes [2].

The microbial ecosystem exists in a mutualistic relationship with its host and plays a
crucial role in maintaining a healthy GI tract. The GI microbiota exerts important
functions, such as the extraction of energy from nutrients, metabolism of xenobiotics,
modulation of motility, and maintaining the integrity of the epithelial barrier [3, 4].
Therefore, the GI microbiota contributes to the beneficial effects of food beyond the

provision of nutrients [5].

Disruptions in the GI microbiota (dysbiosis) [6] have been associated with many
abnormal GI functions. It is now accepted that its composition and function potentially
contribute to functional GI disorders (FGIDs) [7]. These conditions are classified by GI
symptoms related to any combination of motility disturbance, visceral hypersensitivity,
and alterations of central nervous system processing, immunity and GI microbiota [8].
Irritable bowel syndrome (IBS) is the most common and best known of these disorders
[9], characterised by abdominal pain associated with altered bowel movements and often

bloating in the absence of morphological changes [7].

A growing body of evidence supports the role of microbial-immune interactions in the
phenotype of IBS (reviewed by Ford & Talley [10]) and FGIDs, although most of the
evidence comes from studies with IBS participants. However, the mechanisms
responsible for FGIDs are poorly understood and there is a lack of consensus on the role

of the GI microbiota and how changes to it relate to these conditions.

The role of GI microbiota in IBS is supported by the amelioration of symptoms by certain
probiotics, prebiotics and selective diets [11-13]. Subjects with FGIDs often report that
food plays a critical role in symptom development and diet is known to play an important
role in modulating immune competence. Therefore, future nutritional solutions could be
used to beneficially modify the GI microbiota and improve digestive functions in subjects

with FGIDs, as well as in healthy subjects.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ford%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=21331765
https://www.ncbi.nlm.nih.gov/pubmed/?term=Talley%20NJ%5BAuthor%5D&cauthor=true&cauthor_uid=21331765

However, the way to achieve this is still unknown, and additional studies are required to
understand better the underlying microbiota-mediated immune pathways and to establish

whether diet can directly affect these pathways, thereby GI and overall health.

In this respect, subjects with FGIDs represent a model of an unhealthy GI tract to study
digestive comfort and function in an otherwise healthy population. The characterisation
of the main microbiota-mediated immune pathways associated with GI and non-GI

symptoms will further our understanding of the mechanisms underlying FGIDs.

This review of literature summarises the current knowledge regarding the relationship
between microbial and immunological mechanisms, and diet in the pathophysiology of
FGIDs. The nomenclature of microbial taxonomy has undergone changes and
reclassifications over time. However, for the purpose of my research during my PhD, I

have utilised the names that were in use when I started.

1.2 Functional gastrointestinal disorders

Functional GI disorders are a highly prevalent group of disorders diagnosed solely by
symptom-based criteria [13], including symptom severity and frequency (sporadic, daily)
and faecal characteristics [14]. These conditions include IBS, functional constipation
(FC) and functional diarrhoea (FD). The predominant FGID, IBS, is classified into
mutually exclusive categories according to Rome IV criteria, depending on their
predominant bowel habit: diarrhoea predominant (IBS-D), constipation predominant
(IBS-C), mixed diarrhoea/constipation (IBS-M) and unclassified (IBS-U). Rome IV
criteria provide parameters for diagnosing of IBS based on abdominal pain and altered
bowel habits in the absence of specific pathology [8]. However, symptoms like bloating,
the passage of mucus and incomplete rectal evacuation, which are common and
troublesome symptoms in people with FGIDs, are not included in the Rome IV criteria

[15].

Irritable bowel syndrome is a multifactorial condition characterised by chronic and
relapsing abdominal pain and altered bowel habits, while FC and FD feature a significant
change in bowel habits but not abdominal pain in the absence of alternative pathology.
The symptoms of IBS can overlap with those of other FGIDs, and it has been estimated

that up to a third of patients with FGIDs have features of more than one, suggesting a



common underlying aetiology [16]. Irritable bowel syndrome is likely to result from

genetic, environmental and dietary factors, and not a single aetiological cause.

Subjects with IBS can be further classified as sporadic (nonspecific), post-infectious (PI)
or inflammatory bowel disease (IBD)-associated IBS. Post-infectious IBS occurs after an
episode of infectious gastroenteritis [17], and IBD-associated IBS indicates IBS-like

symptoms in patients with clinically quiescent IBD [18].

FGIDs are also described as “disorders of gut-brain interaction”, as they can be classified
as disorders that span both the GI tract and the neurological systems (Figure 1.1). For this
reason, FGIDs has been renamed as disorders of gut—brain interaction [8, 19]. Subjects
with FGIDs have high rates of psychological comorbidity [20] and treatments aimed at
stress and anxiety (e.g. hypnotherapy [21], cognitive behavioural therapy [22], exercise

[23] and antidepressants [24]) can be effective.

Several proposed pathophysiological mechanisms for FGIDs are based on altered neuro-
gastroenterology, including changes in GI motility and visceral afferent hypersensitivity.
Visceral hypersensitivity tends to be more strongly associated with IBS than with FC or
FD, although many subjects with FC report abdominal pain [25]. IBS-C subjects report a
shorter colonic transit time [26] and more severe symptoms of constipation compared to

FC [27].

Several conditions feature symptoms which may be confused with IBS. Clinical overlap
between IBS and other IBS-like disorders has been proposed. The overlap between IBS
and functional dyspepsia and gastroesophageal reflux disease is characterised by early
satiety, postprandial fullness, epigastric pain, heartburn, and regurgitation often
associated with more severe symptomatology [28, 29]. Irritable bowel syndrome is also
commonly associated with non-GI symptoms seen in other disorders, including
fibromyalgia, chronic fatigue and temporomandibular joint disorder [30]. Irritable bowel
syndrome was also observed in 33% of subjects reporting sleep disturbance [31] and 48%

of subjects with bladder pain [32].

Although IBS is not fatal and seldomly requires hospitalisation, it is amongst the most
frequent reasons for presentation to primary care. This condition leads to increased costs
through consultations with health care practitioners, investigations for GI and non-GI
disorders and subsequent treatments. Overall, it is estimated that more than 40% of people

worldwide are affected by FGIDs [33]. Irritable bowel syndrome affects 11% of the



global adult population [7, 34], with a higher prevalence (60-75%) in women than men,
especially for IBS-C [35]. Sex hormones have been postulated to be responsible for this
gender difference, because of their involvement in the stress response, colonic motility,
epithelial barrier function, immune activation and several regulatory mechanisms of the
gut-brain axis [36]. Sex hormones can also directly affect colonic microbiota composition
and metabolism through the oestrogen receptor B, as demonstrated in an animal

study [37].

The severity of abdominal pain and the unpredictability of bowel function are the major
factors lowering the quality of life of people with FGIDs. The subjects report quality of
life scores close to or lower than subjects with rheumatoid arthritis and dialysis-dependent
kidney failure [38, 39]. Regardless, research into FGIDs has been relatively underfunded.
Understanding the aetiology and pathophysiology promises an opportunity to develop
new, effective and personalised treatments in addition to biomarkers for diagnosis,

determining severity and treatment response.
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Figure 1. 1: Schematic representation of IBS pathophysiology.
Psychological, physiological and neuro-gastroenterological factors are thought to be involved in the
generation of IBS symptoms, including bloating, abdominal pain and altered motility. Created with

BioRender.com.

1.2.1 Post-infectious irritable bowel syndrome

Between 20-30% of IBS subjects report the onset of GI symptoms after an episode of
infectious gastroenteritis. If the diarrhoea predominant phenotype persists despite
clearance of the causative pathogen, this sub-group can be defined as PI-IBS [40]. Several
studies confirm the link between bacterial infection and continuous abnormal bowel

habits [41-43]. The predictability of this association may be influenced by parameters that



characterise IBS, the time of onset and the nature of the pathogen involved. Indeed, the
PI-IBS subtype has been indicated as a consequence of bacterial (Campylobacter jejuni
[41, 44, 45], Clostridium difficile [46, 47], Salmonella [42], Shigella [41, 48],
Escherichia coli [49]), viral (Norovirus [50]) or parasitic (Giardia duodenalis [51])
infections (Figure 1.2). Whether different pathogenic species pose an equal risk of
inducing PI-IBS remains under investigation. Viral gastroenteritis seems to be the most
common cause [52] and more transitory if compared to the bacterial form [53]. On the
other hand, Campylobacter spp. have been indicated as the most common bacterial cause
of PI-IBS worldwide, with association rates between PI-IBS and Campylobacter greater

than 20% [54].

The mechanisms underlying the generation of PI-IBS are not fully understood. It is
evident that bacterial or viral infections compromise GI barrier integrity and enhance
chronic inflammation, which can detrimentally affect the GI microbiota [55]. Microbiota
composition in subjects with PI-IBS differs from both IBS subjects and controls [60]. It
is characterised by an increased relative abundance of the Bacteroidetes phylum (usually
decreased in IBS) and decreased relative abundance of the Firmicutes phylum, including
the Clostridia class [56]. Moreover, it has been demonstrated that lamina propria T cell
counts (CD4" or CD8") increased in PI-IBS, even when the infecting pathogen was no

longer detectable [57].

From this, it can be speculated that the initial infection may have decreased the abundance
of the beneficial bacterial species and altered the microbial environment, leading to a
prolonged immune response [58]. However, whether the prolonged immune response is

attributable to the pathogen or commensal bacteria remains to be determined.
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Figure 1. 2: Dysbiosis in post-infectious IBS.

In subjects with post-infectious IBS, the infection of certain pathogens, such as Clostridiodes difficile [48,
491, Salmonella [44], Shigella [43, 50] or Escherichia coli [51], compromises the integrity of the epithelial
barrier, triggers inflammation and decreases microbial diversity and the abundance of beneficial bacteria,
detrimentally affecting GI microbiota composition [60]. The microbiota composition in post-infectious IBS
subjects differs from both IBS subjects and controls, featuring an increase in Bacteroidetes phylum, which
is usually decreased IBS, and decreased Firmicutes phylum, particularly from the Clostridia class [56].

Created with BioRender.com.

1.3 A microbial signature in health and functional

gastrointestinal disorders

The human GI tract is the organ with the largest surface area (250—400 m?) in the human
body and separates the host from external molecules, such as antigens from microbes and
nutrients [59]. The resident microbiota has co-evolved with the human host over
thousands of years to form a complex and mutually beneficial relationship [60]. The most
abundant phyla in the healthy GI tract are Firmicutes and Bacteroidetes, but
Actinobacteria, Proteobacteria, Verrucomicrobia and the less represented Fusobacteria,

Tenericutes, Spirochaetes and Cyanobacteria are also present [61, 62]. Furthermore, the



microbial composition changes across the different regions of the GI tract, with a
predominance of Firmicutes phylum in the proximal colon and Bacteroidetes phylum in

the distal colon [63].

The health-associated patterns of microbial colonisation of the GI tract are difficult to
define, as different individuals can harbour functional and distinctive variants of
microbial composition, reflecting early-life events such as mode of delivery, type of
feeding and gender [64]. However, a ‘“healthy” microbial signature is generally
characterised by a prevalence of Firmicutes phylum and Bacteroidetes phylum and a

general lack of Proteobacteria phylum [65].

Despite inconsistencies between studies, some differences between a healthy and an IBS-
related faecal microbiota have been observed. At the phylum level, a higher [66-69] or
lower [70, 71] Firmicutes:Bacteroides ratio and differences in Actinobacteria and

Proteobacteria prevalence have been observed in IBS [72].

At the genus level, IBS subjects generally have increased Ruminococcus [66, 73-76],
Clostridium, Coprococcus and Blautia and reduced Faecalibacterium genus relative
abundances [66, 77]. These bacteria are thought to have a prominent role in carbohydrate

metabolism in the colon.

Other alterations have been generally described in IBS, including an increased relative
abundances of pathobionts, such as Veillonella genus [69, 73, 78], Enterobacteriaceae
family and Bacteroides genus or a decrease in Prevotella genus [66] and
Desulfovibrionaceae family [79]. The Desulfovibrionaceae family include sulphur-
reducing bacteria that compete with methanogens for hydrogen in the human colon [80].
Overall, the relative differential abundance of taxa from the Bacteroidetes phylum and
Ruminococcaceae and Lachnospiraceae families have been reported across studies [66-

68, 76].

Previous studies showed that methanogen relative abundance, exhaled methane level and
symptom severity were negatively correlated with microbial richness, suggesting
methane may contribute to slower intestinal motility and constipation [67, 81, 82]. In
addition, an increase in faccal Methanobrevibacter smithii abundance and breath methane
concentration [83] and a positive association between Methanobrevibacter abundance

and faecal firmness [84] have been reported in IBS-C subjects.



It was demonstrated that methane decreases colonic transit time by increasing the

amplitude of contraction, decreasing peristalsis, and contributing to constipation [85].

Methane is not inert, so it can interfere with the neuromuscular function of the GI tract,
leading to a reduced propagation of the peristaltic movement [86]. The elevated breath
methane production in IBS-C subjects could reflect the outgrowth of slow-growing
microbes, which are advantaged in conditions of slowed colonic transit and are resistant
to the lack of water that characterise firmer faeces [87]. However, another study did not
observe an association between breath methane production and constipation or colonic
transit, although they reported an association between breath methane production and

changes in faecal microbiota composition [88].

Other findings linked decreased levels of methanogens in faeces to excess abdominal
gases in IBS, suggesting that IBS subjects may lack some functions for hydrogen removal
[70, 71]. In addition, hydrogen accumulation has been linked to bloating and abdominal
pain [89]. Hydrogen sulphide alternatively derives from the activity of sulphur-reducing
bacteria and has been shown to modulate peripheral pain-related signals, and colonic

motility [90].

1.3.1 Microbial signatures in irritable bowel syndrome subtypes

Several studies report discrepancies in faecal microbiota profiles between the IBS
subtypes. For example, some studies report no differences in the composition of the
microbial community between IBS-C and IBS-D [91], while other studies associated

different IBS subtypes with an unique microbial signature (Table 1.1).

IBS-C usually features a higher abundance of Firmicutes and a selective reduction in the
abundance of lactate-producing and utilising bacteria, such as Bifidobacterium genus and
Eubacterium hallii/Anaerostipes caccae, respectively [92]. IBS-D, compared to IBS-C,
is characterised by an overall reduction in microbial diversity, an increase in potentially
detrimental bacteria, such as those from the Proteobacteria phylum, and lower numbers

of Actinobacteria and Bacteroidetes phyla [73, 77].

Decreased relative abundances of the Bifidobacterium genus in both faecal [66, 73, 93,
94] and mucosal samples [93, 94], and Lactobacillus genus in faecal samples [73] have

been described in IBS-D, although some studies reported the opposite findings [69, 72,
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78, 95]. The reduction of Bifidobacterium and Lactobacillus genera is noteworthy
because of their capacity to exert bactericidal effects against pathogens and promote

immune tolerance by producing metabolites, including lactate and acetate.

Acetate, butyrate and propionate, known as short-chain fatty acids (SCFAs) [96],
represent the end-products of fermentation of non-digestible polysaccharides by the ileal
and colonic microbiota [97]. They are directly associated with host-microbial interactions

through nutritional, regulatory and immunomodulatory functions.

The relative abundance of SCFA-producers (e.g., the Clostridiales order, the
Bifidobacterium genus, the Ruminococccaceae family, and the Erysipelotrichaceae
family) have been reported to be increased [66] or decreased [71] in IBS-related
microbiota profiles. Altered levels of SCFAs in faeces were associated with a different
distribution of Clostridiales order, and faecal consistency in both IBS-C and IBS-D
subjects [98]. In vitro studies demonstrated that SCFAs could lower the colonic pH [99].
Taxa from the Lachnospiraceae family have been shown to be resistant to lower pH

values, but not from the Bacteroidetes phylum.

Instillation of boluses of SCFAs at high concentrations in the ileum increased ileal
motility and abdominal pain in humans [100] or promoted visceral hypersensitivity in a
rat model [101]. These observations may be relevant since abnormal levels of SCFAs,
visceral hypersensitivity and dysmotility are often observed in those with IBS. On the
other hand, the low relative abundance of butyrate-producing bacteria observed in IBS-C
[92], IBS-D and IBS-M [71], could decrease the butyrate availability and therefore reduce
the potential health benefit from this SCFA, including anti-inflammatory effects, colonic

defence barrier and decrease in oxidative stress [102].

Discrepancies in the relative abundance of beneficial bacteria and SCFA-producers may
be explained by several factors, including differences in diet, study size, the
predominance of IBS subtypes, IBS severity, as well as DNA extraction methods, analytic

techniques or primers used for amplicon generation.

The relative abundance of specific genera positively correlated with IBS symptom
severity. The composition linked to the IBS-D subtype is the most different from
“normal” in terms of composition and is associated with the most severe symptomatology

[67]. The immune profile associated with IBS-D has also been reported as different from
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the other subtypes and positively correlated with pain severity, dissatisfaction with bowel

habits and overall GI symptoms [103].

The differences in microbial composition between IBS and healthy subjects and within
IBS subtypes raise questions regarding which microbes are associated with IBS and
whether qualitative (dysbiosis) or quantitative (e.g., bacterial overgrowth) changes occur
first in IBS aetiology. The usefulness of describing the microbiota at higher taxonomic
levels may be limited since this may not provide enough differentiating information
between taxa. Current techniques relying on 16S ribosomal RNA analysis may also
overlook potential pathogens, such as colonic spirochetes, due to the incompatibility of

standard primers [104].

The involvement of the GI microbiota in IBS pathophysiology is also supported by
clinical evidence. In a randomised, double-blind, placebo-controlled study, Rifaximin, a
non-systemic antibiotic for treating IBS-D [105], showed a largely transient effect across
a broad range of faecal microbes, such as Peptostreptococcaceae, Verrucomicrobiaceae

and Enterobacteriaceae families [106].

Faecal microbiota transplantation to restore the colonic microbiota of IBS subjects to a
healthy status showed positive outcomes depending on the mode of delivery [107-109].
Despite this, other studies demonstrated no relationship between post-transplantation

microbial diversity and clinical improvements in IBS [110-112].

Finally, the majority of the studies on IBS analysed only a single microbial colonic niche
[68, 70, 73-75, 77-79, 92] because of the convenience of analysing the microbiota in
faecal samples rather than mucosa-associated contents (Figure 1.3). The faecal- and
mucosal-associated microbiota have been reported to be structurally distinct but highly
correlated [67] and at times have been described as able to discriminate between IBS-D
subjects and controls [95], to discriminate only the subjects with severe IBS [67], or to
not discriminate IBS subjects from controls [113, 114]. Another study showed that the
composition of the colonic-associated mucosal microbiota could also separate patients

with FC from controls with 94% accuracy [88].

Table 1. 1: Main differences in faecal microbiota composition between IBS subtypes. F/B ratio,
Firmicutes:Bacteroidetes ratio [115]. The direction of the arrows indicates increased (1) or decreased (|)

relative abundance in comparison to controls.
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IBS-C IBS-D IBS-M
Phylum 1 Firmicutes 1 F/B ratio 1 F/B ratio
1 Actinobacteria 1 Proteobacteria
| Bacteroidetes
| Actinobacteria
Class 1 Clostridia
Order 1 Clostridiales
1 Coriobacteriales
Family 1 Incertae Sedis X111 | Erysipelotrichaceae | Erysipelotrichaceae
1 Lachnospiraceae | Ruminococcaceae | Ruminococcaceae
1 Ruminococcaceae | Porphyromonadaceae | Incertae sedis X111
1 Rhodospirillaceae | Ruminococcaceae | Eubacteriaceae
1 Coriobacteriaceae | Unknown Clostridiales
| Methanobacteriaceae
| Incertae sedis X111
Genus | Roseburia | Bifidobacterium
| Bifidobacterium | Lactobacillus
Species | Eubacterium rectale

| Eubacterium hallii

| Anaerostipes caccae

1 Methanobrevibacter
smithii
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Colonic biopsy Faecal sample

Mucosa-associated microbiota Faecal microbiota

Bacteroidetes Firmicutes/Bacteroidetes

Lachnospiraceae Actinobacteria
T Ruminococcaceae
T bacterial diversity
Advantages Representative of the microbiota at Easy collection

the site of disease

Limitations Not fully representative of the Not fully representative of the
microbiota in its physiologic state, microbiota at the site of disease
because of extensive sample
preparation

More contaminants
(host DNA)

Figure 1. 3: Comparison between mucosa-associated and faecal microbiota.

Faecal and colonic mucosal-associated microbiota can interact with the immune system and be involved in
FGID symptomatology [91]. The faecal microbiota is not fully representative of the mucosal-associated
microbiota at the site of the disease. Taxonomic and diversity differences between faecal and colonic
mucosal microbiota highlight the importance of comparing the microbial composition in both niches when
analysing the role of the GI microbiota in FGIDs. The colonic mucosa-associated microbiota seems to be
predominantly characterised by the Bacteroidetes phylum [67, 116] and the Lachnospiraceae family [113].
In contrast, the faecal microbiota by the Firmicutes phylum, the Actinobacteria phylum [67, 116], a higher
relative abundance of the Ruminococcaceae family [113], and a higher microbial diversity compared to the
colonic mucosa-associated microbiota [116]. Microbial abnormalities in IBS subjects have been reported
to be more pronounced in faecal samples than in colonic mucosal samples and the separation between
mucosal and faecal microbiota composition was more distinct in IBS subjects than in controls [116].
Whether IBS symptomatology is associated with taxonomic differences in the faecal and/or mucosal

microbiota remain to be determined. Created with BioRender.com.
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1.3.2 Microbial modulation of immunity and homeostasis

Several studies highlight the immunological and regulatory effects of microbially-derived
molecules, such as SCFAs, in modulating inflammatory responses through different
signalling pathways. For instance, butyrate can act as an inhibitor of histone deacetylases,
regulatory proteins acting on the epigenome through chromatin-remodelling changes
[117]. Alternatively, SCFAs can interact with G-protein-coupled receptor (GPR)41,
GPR109A and GPR43, which are abundantly expressed on small intestinal and colonic
epithelial cells, monocytes, and neutrophils, to decrease pro-inflammatory cytokine [118,
119]. GPR109A, a receptor for niacin, is bound by butyrate in the colon, promoting
regulatory T cell differentiation, interleukin (IL)-10 and IL-18 expression in the colonic
epithelium [120]. IL-18 can promote epithelial restoration and inflammation recession

[121].

On the other hand, SCFAs can mediate protective immunity in some conditions. For
example, SCFA activation of GPR41 and GPR43 on intestinal epithelial cells has been
shown to cause rapid production of pro-inflammatory chemokines and cytokines [122]
(Figure 1.4). In addition, SCFAs are well known for modulating immune cell chemotaxis,
phagocytosis, reactive oxygen species (ROS) release and reduction of NF-kB activity.
The three major SCFAs were shown in order of potency being
butyrate>propionate>acetate [123]. In particular, butyrate can inhibit the production of
pro-inflammatory IL-8 and tumour necrosis factor (TNF) by macrophages in vitro [124]

and in vivo [125].

Despite the potential relevance of abnormal levels of colonic SCFAs in IBS
pathophysiology, findings are inconsistent and often conflicting between studies. A recent
meta-analysis identified an overall reduction of butyrate and propionate in faecal samples
of IBS-C subjects and higher levels of butyrate in faecal samples of IBS-D subjects

compared to controls [126].

These findings support the role of the colonic microbiota in modulating the host’s immune
responses. However, this relationship is likely to exist in a mutual feedback loop, where
the immune systems can also shape the composition of the microbiota. Several
observations support this hypothesis. For example, in mice, the absence of the myeloid
differentiation primary response 88, an adapter protein involved in toll-like receptor

(TLR) signalling, leads to the overgrowth of taxa from the Bacteroidetes phylum [127].
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In addition, the risk of developing IBS after an episode of gastroenteritis [57] suggests
that the activation of the immune system by infectious triggers including microbes,
viruses or parasites, could impact the composition and function of the microbial

community.

Further evidence of these mutual microbe-immune interactions is an increased abundance
of the pro-inflammatory bacterial protein flagellin [128] and flagellin-producing taxa
(Clostridia class) in IBS subjects [129, 130]. In addition, the mucin-degrader
Ruminococcus torques produce flagellin proteins [136] and is also frequently associated

with IBS [131].

Different species of commensals have been reported to induce specific effects on the host
immune responses. For example, Bacteroides fragilis was demonstrated to have a
protective role by inducing the proliferation of IL-10-producing-regulatory T cells
through the expression of the surface factor polysaccharide A [132]. Similarly, bacterial
strains from the Lachnospiraceae and Ruminococcaceae, families from a healthy human
faecal sample were demonstrated to increase the number and function of colonic

regulatory T cells in colonised rodents [133].

Several species from the Clostridia class can generate biologically active catecholamines.
The association of germ-free mice with Clostridium species with abundant (-
glucuronidase activity, increased free active catecholamines [134]. These findings
suggest a crucial role for the Clostridia class in GI immune homeostasis, and potentially

in IBS pathophysiology.

1.3.2.1 Microbiota-immune interactions between the gastrointestinal tract and the

central nervous system

The high co-morbidity between FGIDs and stress-related symptoms and the sensitivity of
the microbiota to stress exposure represent further evidence of the involvement of the gut-
brain axis in FGIDs [135]. Maes et al. were the first to demonstrate that psychological
stress in humans induces inflammatory responses with increased production of the pro-
inflammatory cytokines interferon (IFN)-y, TNF and IL-6 [136]. In addition, stress-
induced mediators, such as the corticotropin-releasing factor, increased macromolecular
permeability in the healthy human colon via corticotropin-releasing factor receptors on

subepithelial mast cells [137]. Animal models of stress-related disorders showed critical
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changes in faecal [138] and mucosal [139] microbial composition, caecal metabolite
concentration [140], ileal immune gene expression, and serum cytokine concentration

[138, 140].

Microbiota-immune interactions in the GI tract and the central nervous system can also
be affected by the availability of the essential amino acid tryptophan [141] and its

metabolites (indole, indolic acid derivatives, skatole, and tryptamine).

The hydroxylation of L-tryptophan by the tryptophan hydroxylase 1 enzyme, expressed
in enterochromaffin cells in the small and large intestines, generates the majority of
serotonin in the body [142, 143]. In IBS, increased tryptophan metabolism was associated
with low-grade inflammation and microbiota alterations [144]. A link between the
microbiota and tryptophan metabolism was confirmed in germ-free mice exhibiting
abnormal levels of the neurotransmitter serotonin in the colon but not in the small
intestine [145]. In addition, mucosal biopsies from subjects with IBS showed reduced
mRNA expression levels of tryptophan hydroxylase 1 [146]. Therefore, dysregulation of
the tryptophan pathway, which affects mood and cognition, colonic motility, and visceral

hypersensitivity [147], may be involved in IBS pathogenesis.

Similarly, reduced serotonin reuptake and impaired serotonin release were reported in
IBS-D and IBS-C subjects, respectively [148]. Tegaserod, which is used to treat IBS-C,
and alosetron, which is used to treat IBS-D, respectively stimulate and block the serotonin

5HT4 and SHT3 receptors [149].

Although inflammation may underlie many pathways involved in FGID symptom
generation, including visceral hypersensitivity [150], abdominal pain [151] and increased
permeability [137], the mechanisms behind the connection between stress, inflammation

and colonic mucosal barrier function are still largely unknown.
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G-protein-coupled receptors expressed on small intestinal and colonic epithelial and immune cells are
activated by SCFAs. Acetate and propionate are the most efficient agonists for GPR43 and GPR43,
followed by butyrate and other SCFAs [122]. Propionate binds GPR43 on colonic regulatory T cells to
inhibit histone deacetylase function and enhance FOXP3 expression, thereby promoting regulatory T cell
differentiation and IL-10 production. Although acetate is a potent GPR43 ligand and mediates colonic
regulatory T-cell accumulation, it is unclear whether this is through this receptor [122]. Butyrate has similar
effects by either stimulating dendritic cells and macrophages to produce IL-10 or directly acting on naive
T cells, inhibiting the activity of histone deacetylases on the Foxp3 gene, inducing naive CD4+ T cells
differentiation and regulatory T cell expansion [122]. Butyrate can induce the production of TGF-f and the
cytoprotective IL-18 by the enterocytes through the activation of GPR109A. In addition, butyrate can
inhibit NF-kB signalling, reducing the expression of pro-inflammatory IL-8 and TNF [122]. On the other
hand, SCFAs can mediate protective immunity, activating GPR41 and GPR43 on small intestinal and
colonic epithelial cells and producing pro-inflammatory chemokines and cytokines [122]. Therefore,
SCFAs contribute to the maintenance of intestinal homeostasis through multiple mechanisms. Created

with BioRender.com.
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1.3.3 Microbial regulation of epithelial barrier function

In a healthy GI tract, the mucosal barrier prevents direct contact between the microbiota
and the host. Together with the mucus layer, the mucosal barrier represents a “shield”
against pathogens. The mucosal barrier also includes the mucosal immune system and the

enteric nervous system [152].

Mucins are highly glycosylated macromolecule components of the mucus barrier. They
represent an alternative substrate to dietary polysaccharides for mucin-degrading bacteria,
such as Ruminococcus torques and Akkermansia muciniphila [153]. An abnormal
increase in these species (such as through dietary restriction) may reduce mucus layer
thickness, possibly contributing to impaired mucus barrier function, increased pathogen
susceptibility and inflammatory conditions [154]. An altered relative abundance of
mucin-degraders may otherwise reflect changes in mucus shedding in subjects with IBS-

D, resulting in mucous discharge in their faeces.

The metabolism of sulphated mucins by mucin-degrading bacteria is a source of sulphate,
which can be subsequently reduced to hydrogen sulphide [155]. High concentrations of
hydrogen sulphide have been demonstrated to induce oxidative stress, impair cellular
respiration and adenosine triphosphate production [156] and inhibit butyrate oxidation by
colonocytes in vivo [157] and in vitro [158]. The inhibition of butyrate oxidation means
colonocytes are therefore deprived of their main sources of energy. Oxidative stress and
energy starvation may result in colonocyte death, weakening of the epithelial barrier and
direct contact of commensals with the mucosal immune system [157]. Therefore,
increased levels of hydrogen sulphide, in conjunction with increased microbial nitric
oxygen production and decreased mucosal sulphide detoxification, have been shown to

damage the colonic epithelium and contribute to mucosal inflammation [159].

The GI microbiota can also directly control epithelial permeability by upregulating tight
junction (TJ) proteins in normal and pathological conditions [160-162]. Given this crucial
role played by the commensals in the maintenance of epithelial barrier integrity,
alterations in this community may be relevant for the increased small intestinal and
colonic permeability often seen in IBS-D [163, 164]. In particular, biopsies from subjects
with IBS-D showed a reduced expression of occludin [165] and claudin-1 in the colonic
mucosa [166] and a disrupted apical junctional complex integrity in the jejunal mucosa

[167].
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Alterations of TJ proteins in IBS have also been associated with visceral hypersensitivity,
abdominal pain [166, 168] and mast cell activation [167]. The increased small intestinal
and colonic permeability may result in the translocation of bacteria and their products
through the barrier, influencing local and systemic immune responses and contributing to
the low-grade inflammation in IBS [152]. Pro-inflammatory cytokines such as IFN-y,
TNF, IL-4, IL-12 and IL-1B contribute to TJ disruption and increased paracellular
permeability [169]. Hypersensitivity and symptom severity have been observed to be
increased in IBS-D subjects with increased small intestinal and colonic permeability

compared to controls and IBS-D subjects with normal permeability [170].

A subtype-specific increase of mucosal mast cell mediators, such as serine proteases and
tryptases, in IBS-D subjects may be responsible for the observed increased colonic
permeability [171, 172]. In addition, an in vitro study demonstrated that plasma
lipopolysaccharides (LPS) and tryptase levels were increased in IBS-D but not in IBS-C
[173]. The same study also showed an increased permeability when intestinal epithelial
cells (Caco-2) were exposed to plasma from IBS-D and IBS-C subjects, with a higher
effect for IBS-D than IBS-C. In addition, IBS-D subjects show distinctive transcription
patterns regarding epithelial permeability, mast cell activity and gene and protein
expression of TJ. In particular, zonula occludens mRNA expression has been observed to
be inversely correlated with the mRNA expression of tryptase [174]. In vitro studies with
Caco-2 monolayers [168], murine tissues incubated with colonic [175] or faecal [176]
supernatants from IBS subjects support the correlation observed between decreased
epithelial barrier function, zonula occludens-1 mRNA expression, inflammation and pain

severity.

Colonic permeability in IBS may be ameliorated by the positive effect exerted by lactic-
acid bacteria on TJ proteins. Indeed, a probiotic cocktail including Streptococcus
thermophilus, Lactobacillus spp. and Bifidobacterium longum was shown to improve
colonic barrier function in IBS-D subjects [177]. Probiotics are live microorganisms that
may be beneficial for conditions featuring dysbiosis, such as IBS. Recent systematic
reviews and meta-analyses reported contrasting results [178, 179], but suggest that
probiotics as a class, have limited but beneficial effect over placebo on IBS symptoms,

such as bloating and flatulence [178].

In conclusion, increased small intestinal and colonic permeability, which seems to be a

prevalent feature of IBS-D, may trigger low-grade small intestinal, colonic and systemic
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inflammation and may correlate with symptom severity. The molecular mechanisms
responsible for increased small intestinal and colonic permeability in FGIDs are still
poorly understood, but represent potential therapeutic and discriminating targets for IBS-

D from other IBS subtypes and health.
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1.4 Biomarkers to discriminate functional gastrointestinal

disorders.

Understanding the mechanisms underlying host-microbial interactions and symptoms
pathophysiology will likely improve the current knowledge of pathways involved and the
predictive value of FGID biomarkers. Biomarkers can be measured in blood, faecal, urine
or breath samples to discriminate FGID from other GI disorders or health potentially, and
more importantly within the IBS subtypes, and to characterise improvements in well-
being and quality of life. A true mechanistic biomarker could be defined as “one that
exhibits accuracy, reproducibility, sensitivity, specificity and patient acceptability” [180],
and that would make it possible to identify IBS rather than to rule out other organic
diseases [181]. Sensitivity and specificity are measures of how well a marker correctly
identifies true positive cases and true negative cases, respectively, and the combination
of sensitivity and specificity of a biomarker can be expressed with a diagnostic value. A
biomarker with a diagnostic value of 0.8 would be usually considered having good power
in distinguishing subjects with and without a certain condition, correctly classifying 80%

of the cases [182].

General features that differ in IBS versus healthy subjects include microbial composition,
immune profile, GI motor and sensory function, pain perception, serotonin metabolism,
and the expression of genes involved in immune activation [183]. Differences in the
concentrations of faecal bile acids and lipids have also been shown to discriminate IBS-
D from IBS-C. In particular, reduced total and primary faecal bile acids and increased
faecal lithocholic acid were indicators of decreased faecal weight, frequency and
consistency [184]. Fasting serum C4 (7a-hydroxy-4-cholesten-3-one), and fibroblast
growth factor 19 showed good specificity to exclude the diagnosis of bile acid diarrhoea

in IBS-D and FD [185].

In 2009, Lembo et al. reported 10 “first-generation” serum biomarkers with high
specificity (88%), although the sensitivity was poor (50%) [186]. However, reflecting the
complex pathophysiology, the utility increased when the panel was expanded to 34
serological and gene expression markers to discriminate IBS from controls [35].
Subsequently, other studies combined plasma and faecal biomarkers associated with
different parameters of GI function, to reflect the multifactorial nature of IBS [187]. As a

result, a novel multi-domain non-invasive biomarker panel was identified and validated,
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which could discriminate IBS from health with high sensitivity (88.1%) and specificity
(86.5%), and could be correlated with GI symptom severity in IBS and the general
population [187]. This panel included plasma cytokine levels, such as IL-1f, IL-6,
IL12p70, and TNF, as markers of systemic immune activation, faecal chromogranin A
(CgA), as an indicator of the colonic neuroendocrine cell activity, faecal human (-
defensin 2, as an indicator of immune protection against microbes, calprotectin, as an
indicator of colorectal inflammation via neutrophil migration to the mucosa, and caproate,

a product of microbial fermentation of non-digested oligosaccharides in the colon.

1.4.1 Toward an immune signature in functional gastrointestinal disorders

Some molecules of the immune system measured in faeces or blood could also be putative
biomarkers. For example, faecal CgA plays a role in pain regulation and antimicrobial
activity, and its faecal levels have been negatively correlated with colonic transit time in
IBS subjects [188]. In addition, the faecal granin profile of IBS subjects was negatively
associated with the microbiota o-diversity and positively associated with the genus
Bacteroides [189]. Despite this, granins are not considered useful biomarkers for IBS

because they lack specificity and discriminatory power.

Calprotectin, a protein released by neutrophils during GI inflammation, can be easily
measured in faecal samples as it is resistant to degradation in the colon, it can be
considered a non-invasive marker of low-grade inflammation in the GI tract. In a
prospective study, faecal calprotectin was elevated in one-third of all patients across IBS
subtypes [190]. A recent study demonstrated that differences in faecal calprotectin
concentrations in children discriminated IBS from health and between IBS subtypes. In
particular, faecal calprotectin concentration was highest in IBS-D, followed by IBS-M
and IBS-C [191]. Although faecal calprotectin is primarily used to distinguish IBS from
IBD [192, 193], it may effectively discriminate IBS from health and between IBS

subtypes in combination with other plasma and faecal biomarkers [194].

Serine proteases (e.g., tryptases) are released by colonic mast cells and microbes. They
have been reported to be elevated in IBS-D [195, 196]. These proteases are thought to
play a role in several pathways involved in IBS symptom generation, such as the

stimulation of colonic nerves through the protease-activated receptor-2, leading to
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abdominal pain [197, 198]. Proteases also contribute to colonic mucosal inflammation

[196], affecting smooth muscle motility and increasing paracellular permeability [196].

TLRs are a family of receptors on both epithelial and immune cells in those tissues
exposed to the external environment, such as the lungs and GI tract [199]. TLRs bind to
conserved microbial molecular patterns, and their activation induces the expression of
pro- and anti-inflammatory cytokines and chemokines [200]. Increased levels of TLRs
4/5 [199, 201] or decreased levels of TLRs 7/8 [202, 203] were reported in IBS. A
differential expression of TLRs in IBS subjects according to the disease subtype has also

been reported [204].

In addition, it has been demonstrated that TLR activation can have consequences on
colonic motility, through the activation of neuroendocrine mechanisms [201, 205] or
interactions with the sulphide system. For example, TLR2 or TLR4 deficiency affected
colonic free sulphide levels and sulphide-reducing-bacteria number [206], and Tlr4-

"~ mice showed a decreased amplitude and frequency of colonic contractions [207].

Consistent with these observations, differences in pro- and anti-inflammatory cytokine
concentrations in the colonic mucosa or blood have also been associated with IBS [103,
208]. Increased concentration of pro-inflammatory IL-1f, IL-6, IL-8, TNF and IFN-y
[103, 209-215], and decreased concentration of the anti-inflammatory IL-10 [103, 216]
in serum, plasma or colonic biopsies of IBS patients were reported. However, these

changes were inconsistent between studies [217, 218].

Differences in the count and the activation rate of immune cell populations, particularly
mast cells but also macrophages, lymphocytes and eosinophils, have also been reported
in IBS [219, 220]. Mediators produced by these cells (nitric oxide, histamine and
proteases) are likely to play a role in IBS symptom generation (Figure 1.5). Prostaglandin
D; and leukotriene C4, D4 and E4, the main eicosanoids produced by human mast cells
[221], have been demonstrated to increase the activity of afferent nerves [222] and enteric
neurons, enhancing the epithelial response to inflammatory mediators [223]. In addition,
lamina propria CD3", CD4" and CD8" T cells and activated macrophages have been
observed in subjects with PI-IBS [57].

Finally, immune activation of peripheral CD4+ T-cells did not correlate with GI or

psychological symptoms in IBS-D subjects [224]. In contrast, increased pro-
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inflammatory cytokine release in IBS-D was associated with GI symptoms and anxiety

in another study [225].

1.4.1.1 Mast cells

The role of mast cells in the pathology of FGIDs remains undefined. Despite this, the
number and activation rate of mucosal mast cells were reported to be higher in IBS-D
subjects than in controls and correlated with abdominal pain severity and frequency [151,
226]. Another study reported no difference in mast cell count, but the percentage of
degranulated mast cells was increased in IBS-D subjects compared to controls [227].
Jakate et al. observed that 70% of patients with FD screened in their study had increased
colonic levels of mast cells than the control group. This increased number of mast cells
in the mucosa of subjects with chronic FD has been defined as mastocytic enterocolitis

[228].

Psychological factors also seem to contribute to higher numbers of colonic mast cells in
FGID subjects with high depression and fatigue scores [229]. In addition to the number
of colonic mast cells, an augmented activity of colonic mast cells in proximity to sensory
nerves is likely to play a role in IBS symptom development. These findings are supported
by the fact that the mast cell stabiliser ketotifen improves the symptom score in subjects
with IBS [150]. These findings advance the understanding of the role of immunity in

FGIDs, but the diagnostic value of these biomarkers remains uncertain [230].
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Figure 1. 5: Potential role of mast cells in IBS and chronic low-grade inflammation.

Mast cells are thought to play a role in the onset of abdominal pain, as well as diarrhoea or constipation.
These symptoms are modulated by the mediators released by activated mast cells of the colonic mucosa,
which stimulate other immune cells, perpetuate chronic inflammation and alter secretion and peristalsis,
resulting in abnormal permeability and motility. A possible mechanism connecting stress and GI symptoms
is the interaction between mast cells and the brain, which is mediated by extrinsic sensory nerves [231].
The mast cell-enteric nervous system axis combines the ability of the enteric nervous system to integrate
paracrine signals with the specialised functions of the enteric mast cells. Mast cells, located close to nerve
fibres, are thought to trigger pain signals. The mediator histamine sensitises the nociceptor transient
receptor potential channel V1 on the peripheral nerve terminal of nociceptive submucosal neurons, resulting
in visceral hypersensitivity [232]. Studies on rectal biopsies from IBS subjects demonstrated that the
histamine H1 receptor-mediated stimulation of the nociceptor transient receptor potential channel V1 was
potentiated in IBS subjects but not controls [233]. Proteases degranulated by mast cells may also destroy
various epithelial gap junctional proteins (e.g., zonula occludens), leading to impairments in epithelial
barrier function. Alterations in motility also seem to be linked to mast cells’ degranulation. In particular,
the stimulation of prostanoid receptors P2X on smooth muscle cells generates the excitatory potential

responsible for contraction, impacting on smooth muscle contractility [234]. Created with BioRender.com.
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1.5 The link between dietary components and functional

gastrointestinal disorders

A growing body of evidence supports the role of dietary macronutrients (carbohydrates,
proteins and lipids) in modifying the GI microbiota, leading to impacts on host metabolic
and immune markers [235] (Figure 1.6). Several molecules, either coming directly from
food, endogenous secretion or released by commensals are likely to influence the activity

of the immune system [236].

Diet has been recognised to be involved in the predisposition or exacerbation of IBS. Up
to 65% of subjects with IBS report that foods play a crucial role in their symptoms [237].
Three mechanisms have been proposed to explain the dietary intolerances in subjects with
IBS; hypersensitivity to specific foods; hypersensitivity to food chemicals and luminal

distension.

Firstly, food hypersensitivity may involve immunoglobulin (Ig) E-mediated (atopic) or
non-IgE-mediated (non-atopic) reactions. Acute-phase IgE-mediated hypersensitivity
results in the activation of mast cells, eosinophils, and other immune cells and the release

of molecules (histamine, leukotrienes) involved in GI symptom generation [238].

Previous studies have not observed increased levels of IgE in IBS subjects [239] and
serum IgE has not correlated with IBS symptom severity [240], rectal eosinophilia [241],
colonic mast cell or eosinophil activation in IBS subjects [242]. Another study showed
that more than 50% of IBS subjects responded to specific foods, characterised by
eosinophil activation but was not associated with increased IgE levels [243]. Therefore,
although atopic reactions to specific foods are common in IBS subjects, the association
with IBS pathogenesis is not supported in the literature, and IgE-mediated food
hypersensitivity in IBS is rare [244].

There is increasing evidence that IgG-mediated food hyperreactivity may play a role in
IBS symptom generation, but results remain contradictory. Recent studies found elevated
food-specific IgG levels in IBS subjects in comparison to healthy subjects [239, 245,
246]. In a randomised controlled trial, IBS subjects excluded foods that increased IgG
levels from their diet. After three months, the dietary exclusion resulted in a reduction of

symptom severity, suggesting that food elimination based on Ig levels may be promising
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for reducing IBS symptoms [247]. The 87% of IBS subjects from this study reported
symptomatic reactions to yeast, but previous studies with a similar number of participants
observed lower percentages (5% and 12% [248, 249]) of IBS patients indicating yeast as
an offending food. This finding suggests that increased levels of IgG to a specific food

may not be necessarily linked to IBS symptom generation.

Other findings showed that no differences were found in IgG levels between IBS subjects
and controls, and the association of low or high IgG levels in IBS subjects with
symptomatology severity was inconsistent [250]. This finding supports that the increased
IgG production is more likely to reflect a physiological response to diet rather than a
pathological reaction, and that IgG-mediated hypersensitivity to yeast or other foods in

IBS is unlikely.

Secondly, food bioactive chemicals, such as salicylates (contained, for example, in
almonds, apples, and berries), can trigger a non-specific antigen-induced pseudo-allergic
hypersensitivity reaction in IBS subjects, causing the release of cysteinyl leukotrienes
[251]. These molecules are pro-inflammatory lipid mediators deriving from arachidonic
acid, which increase smooth muscle contraction and vascular permeability [251],

resulting in nausea, bloating, diarrhoea or visceral hypersensitivity.

Although salicylate sensitivity was suggested to affect 2-7 % of IBD subjects [251],
there is a lack of concrete evidence linking salicylate sensitivity to FGIDs. In a survey
with 643 IBS subjects, 12% reported their symptoms to be associated with the combined
use of analgesics, including salicylate aspirin [252]. However, the study also showed that
these subjects were intolerant to many foods, which could be associated with the reported

symptoms.

The third mechanism involves a category of nutrients defined as fermentable
oligosaccharides, disaccharides, monosaccharides, and polyols (FODMAPs), which are
short-chain, soluble, carbohydrates rapidly fermented by the colonic microbiota.
Fermentable carbohydrates (e.g. fibre) are the most investigated dietary category in the
context of IBS [253] because of their ability to influence the microbiota composition.
Primary fibre-fermenters include the Clostridia class, the genus Roseburia and the species

Ruminococcus bromii and Eubacterium rectale [254].

Soluble fibre supplementation may ameliorate constipation in IBS, as fibre increases

faecal bulk with water and fermentation by-products (gas and SCFAs) [237]. However,
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the fermentative properties of FODMAPs have been linked to luminal distension and IBS
symptom generation (abdominal pain and bloating) [255] (Figure 1.6). In addition,
although diets low in FODMAPs seem to allow for an adequate nutrient intake [256],
they may decrease the absolute and relative microbial load and diversity, potentially

leading to detrimental effects on the colonic environment and microbiota [257].

1.5.1 Fibre

Dietary fibre can act as a prebiotic, promoting the growth of beneficial bacteria (e.g.,
Lactobacillus and Bifidobacterium genera) and increasing SCFA and mucus production
[258], which are important in the maintenance of homeostasis [259]. Human studies
demonstrate that a diet enriched in prebiotics (fructooligosaccharides,
galactooligosaccharides, xylooligosaccharides and arabinooligosaccharides) increases
microbial gene richness and supports the growth of specific bacteria genera [260]. On the
other hand, a low intake of prebiotic sources was demonstrated to reduce the total

bacterial load [257].

For example, fructooligosaccharides and inulin, a fructooligosaccharide with longer
fructose chains, seem to stimulate B. longum expansion [261], which is also associated
with increased butyrate concentration [262, 263] and IBS symptom amelioration [261].
Co-culture experiments demonstrated that increased butyrate concentration results from
bacterial cross-feeding, where inulin/fructooligosaccharide degradation-products, lactate
and acetate, are converted into butyrate [262, 264]. In a study including mixed IBS
subtypes, administration of a mixture of galactooligosaccharides led to a reduction of IBS
symptoms, which was associated with decreased faecal levels of Clostridium perfringens
and Bacteroides and Prevotella species, along with increased faecal levels of
Bifidobacterium species [265]. However, other human studies investigating oligofructose

[266] or fructooligosaccharides [267] reported no IBS symptom improvement.

Other important prebiotic effects and selective antimicrobial activity have been attributed
to polyphenols [268]. Dietary polyphenols are organic chemicals in fruits, vegetables,
cereals, tea, coffee and wine [269]. The colonic microbiota is responsible for converting
dietary polyphenols into bioactive phenolic metabolites. The beneficial effects of
polyphenol-derived metabolites include anti-inflammatory, antioxidant,

anticarcinogenic, antiadipogenic, antidiabetic and neuroprotective effect [270]. Microbial
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species involved in the hydrolysis of polyphenols include Bacteroides distasonis,
Bacteroides uniformis, Bacteroides ovatus, Enterococcus casseliflavus, Eubacterium
cellulosolvens, Lachnospiraceae CG19-1, Eubacterium ramulus [271], and members of

the family Coriobacteriaceae [272].

Members of the Gordonibacter genus can convert ellagic acid (a dietary phenolic
compound present in several fruits) to the anti-inflammatory, cardioprotective, and
anticancer metabolite urolithins [273]. In particular, urolithins can affect the
inflammatory functions of neutrophils, inhibiting IL-8 and extracellular matrix-degrading

enzyme metallopeptidase-9 production [274].

1.5.2 Fats

Host lipid metabolism is often associated with changes in colonic microbial composition,
particularly with the Erysipelotrichaceae and Coriobacteriaceae families [275]. Some
members of the Coriobacteriaceae family are thought to be involved in metabolic
disorders and FGIDs and are considered fat-induced pathobionts (i.e., potentially

pathogenic symbionts of the microbiota) [276].

Diets enriched in saturated fats of animal origin have been associated with low-grade
colonic inflammation through the activation of TLR-dependent signalling by microbial
factors [277, 278]. The relative abundance of the Erysipelotrichaceae family has been
linked to diets high in fats [279] and colonic inflammation. Some members of this
bacterial family are coated with IgA and, therefore, are highly immunogenic [280].
However, it is unclear if the Erysipelotrichaceae family may play a causative role in
colonic inflammation or if their relative abundance reflects more the dietary status of the

host.

1.5.3 Proteins

A high intake of dietary protein, specifically animal-based proteins, has been linked to
IBS through multiple mechanisms [281]. Excessive microbial fermentation of protein
releases toxic end-products, such as ammonia, phenols, branched-chain fatty acids, and

hydrogen sulphide (Figure 1.6).
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Hydrogen sulphide is produced by the colonic microbiota mostly through the degradation
of the dietary sulphur-containing amino acid cysteine [282]. Sulphate-reducing bacteria,
such as the Desulphovibrio genus are mostly involved in colonic sulphur metabolism, but
Streptococcus, Fusobacterium, Salmonella, Enterobacter, and Helicobacter genera also
produce hydrogen sulphide from L-cysteine through cysteine desulphydrase activity
[283]. Akkermansia muciniphila uses hydrogen sulphide for cysteine production,
potentially limiting hydrogen sulphide concentrations and damaging to the mucus layer
[284]. Hydrogen sulphide exerts a protective effect when produced from endogenous
metabolism [285], but it can be deleterious for the colonic mucous barrier integrity when

generated at high concentrations by colonic microbes [286].

High hydrogen sulphide levels were associated with IBS or IBD [287], and Clostridium
spp. have long been considered major producers of ammonia from protein fermentation
[288], which can impair the function of the colonic barrier [289] and stimulate the release
of pro-inflammatory cytokines [290]. These observations may explain why many IBS
subjects report that foods rich in animal protein (meat, fish and eggs), induce or worsen

GI symptoms [291].

1.5.4 Vitamins

Vitamins are naturally occurring organic compounds required for diverse bodily
functions, including the immune system [292]. Vitamins can be classified as either water-
or fat-soluble. The water-soluble vitamins, including vitamins from group B (B1, B2, B3,
Bs, Bs, B7, By and Bi2) and vitamin C, are readily absorbed by enterocytes by either
diffusion or carrier-dependent active transport. Fat-soluble vitamins (A, D, E, and K),
which are dissolved within fat droplets, must be broken down by lipases and combined
with bile salts in the duodenum to facilitate absorption by the enterocytes [293]. Over
95% of dietary vitamins are absorbed in the small intestine, except cobalamin (B12), which
is absorbed in the distal ileum. The distal ileum also absorbs bile acids, which are required

for the absorption of fat and fat-soluble vitamins [294].

Vitamins must be obtained from the diet, as humans do not sufficiently synthesise them;
however, the colonic microbiota can also contribute to vitamin synthesis. For example,
up to half of the daily vitamin K requirement is provided by the colonic microbiota [295].

Although daily nutrient intake in IBS subjects is similar to the general population, a higher
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daily intake of foods containing vitamin E, folate, iron, vitamin C and dietary fibre, as
well as a lower intake of foods containing vitamin A, vitamin D, cobalamin, riboflavin,
calcium and potassium was observed in IBS subjects [296]. These differences could result
from the dietary restrictions followed by IBS subjects and reflect a tendency toward a
lower intake of meat and dairy products. Some bacteria cannot synthesise B vitamins for
their growth and must acquire them from the host diet or other commensals. This
observation suggests that colonic microbiota composition and function may affect host B

vitamin usage [297].

A previous study reported an association between a low dietary intake of vitamin B and
IBS symptom severity [298]. Similarly, the administration of a dietary integrator
containing vitamins from the B group (Bi, B2, Bs) improved abdominal pain and
abdominal distension to regulate bowel movements in an IBS cohort with mixed subtypes

[299].

Other studies suggested a link between a deficiency in vitamin D and IBS symptoms [300,
301]. Vitamin D is a crucial immune-modulator, anti-inflammatory, and anti-microbial
agent, explaining its association with IBS [302]. Depression, which initiates or aggravates
IBS symptoms, is more common in vitamin D deficiency [303]. Moreover, vitamin D
nuclear receptors seem to modulate colonic motility, antimicrobial peptide release and

colonic inflammation, as several immune cells express vitamin D nuclear receptors [304].

Other studies showed that vitamin D nuclear receptors might play a role in maintaining a
functional microbiota [305] and that vitamin D deficiency affects the transcription of

cathelicidin and defensin -4, leading to dysbiosis [306].

The most common reason for vitamin D deficiency in IBS subjects could be attributable
to inadequate sun exposure, as subjects with IBS often tend to spend less time outdoors
because of their condition [307]. Alternatively, IBS subjects may suffer from
malabsorption of dietary vitamin D, as impaired bile acid circulation can lead to
malabsorption of fat-soluble vitamins, such as vitamin D [308]. Although the exact role
of vitamin D deficiency in IBS has not yet been elucidated, vitamin D supplementation
improved IBS symptoms and quality of life in a double-blind, randomised, placebo-
controlled study [309], reduced symptom severity in IBS-D subjects [310], as well as in
adolescents with IBS [311].
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Figure 1. 6: The consequences of diet on a dysbiotic microbiota may lead to altered levels of these metabolites, resulting in GI symptoms.

In the colon, the fermentation of dietary fibre results in changes in the microbiota composition, supporting the growth of beneficial bacteria. Consequently, the microbiota

generates gases, SCFAs and other metabolites. The microbial metabolism of lipids entering the colon is involved in several important pathways for the host. The families

Erysipelotrichaceae and Coriobacteriaceae also play an important role in converting cholesterol-derived metabolites, such as bile salts and steroids [275]. Altered bile

acid metabolism has been associated with chronic inflammation in the colon [312] and microbiota-derived bile acid metabolites can potentially affect both host

metabolism and immune responses [313]. The microbiota-mediated protein metabolism is largely affected by the proteolytic activity of amino acid-fermenting bacteria,

mainly species from Clostridia, Peptostreptococcus, Bacteroides, Propionibacterium, Fusobacterium, Streptococcus, Lactobacillus, Veillonella genera, and species

Selenomonas ruminantium and Megasphaera elsdenii [314]. The microbial catabolism of amino acids occurs mostly through deamination and decarboxylation [315] and
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can generate immuno-modulatory molecules and neurotransmitters (like catecholamines) that affect the immune and nervous systems. For example, the microbial
glutamate decarboxylases convert glutamate into y-aminobutyric acid, which has immunomodulatory effects in the GI tract [316]. Histamine, derived from the bacterial
decarboxylation of L-histidine, can inhibit the release of pro-inflammatory cytokines via the histamine type 2 receptor on epithelial cells [317]. Hydrogen sulphide is
thought to be responsible for an increased visceral hypersensitivity related to colonic distension, altered colonic motility [318] and other deleterious effects on the colonic

epithelium [157]. SRB: sulphate-reducing bacteria; BCFAs: branched-chain fatty acids. Created with BioRender.com.
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1.6 Effects of kiwifruit on gastrointestinal parameters and

microbiota

The concept of “functional food” is becoming increasingly popular among healthy
consumers and subjects with constipation predominant FGIDs (IBS-C or FC), seeking
digestive benefits [319]. Many nutritional compounds have been investigated for their
ability to promote GI health [320-324], but regular consumption of kiwifruit has been
shown to be particularly effective at improving digestive comfort through digestive and

immune functions [325] and modulating the colonic microbiota composition (Figure 1.7).

Currently, the most cultivated kiwifruit varieties are Actinidia deliciosa (green kiwifruit
“Hayward”) and gold kiwifruit Actinidia chinensis (ZESPRI® SunGold) [326]. The
nutritional composition of green and gold kiwifruit is similar (Table 1.2), except for a
lower enzymatic activity of actinidin (26 % vs. 100 % activity) [327], half the content of
fibre (3.0 g/100 vs. 1.4 g/100) and lower pectic polysaccharides in the gold variety.
However, twice the amount of vitamin C (161.3 mg/100 g vs. 92.7 mg/100 g) and higher
levels of hemicellulosic polysaccharides are present in the gold kiwifruit compared to

green kiwifruit [328, 329].

The characteristics that make kiwifruit a good candidate for providing digestive benefits
include its content of potassium, vitamin K, E, folate, the presence of the actinidin
enzyme, high level of vitamin C, bioactive elements, such as antioxidants, carotenoids
and polyphenols [330], as well as a high amount of fibre [331]. The fibre in kiwifruit
includes oligosaccharides of various chain lengths, pectic polysaccharides, cellulose and

hemicellulose [332].

The physicochemical properties of green and gold kiwifruit suggest it would be a
beneficial food for sustaining digestive health and immune function in subjects with
constipation predominant FGIDs and healthy subjects [333]. The effects of green and
gold kiwifruit on digestive functions are likely to be modulated by its water retention
capacity associated with the fibre content [334], resulting in changes in faecal consistency
and softness, reduced transit time and abdominal discomfort [335]. Many interventions,
either with green or gold kiwifruit, have modified GI physiological and microbial

parameters in different population groups, as well as improved FC and IBS-C (Table 1.3)
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Table 1. 2: Comparison between the nutritional values of the green and the gold kiwifruit [353].

Nutrients for 100 g Green  kiwifruit  Actinidia | Gold  kiwifruit  Actinidia
deliciosa (“Hayward”) chinensis (ZESPRI® SunGold)
Total carbohydrate 14.66 g 1579 g
Fibre 30¢g ldg
Sugars 899 ¢ 1230 g
Fructose 435¢g 580 ¢g
Galactose 0.17 g 0.00 g
Glucose (dextrose) 411¢g 528¢g
Lactose 0.00 g 0.00 g
Maltose 0.19¢ 0.00 g
Starch 0.00 g 0.12¢
Sucrose 0.15¢g 122 ¢g
Total protein l.14 g 1.02 g
Total fat 052¢ 028¢
Saturated fatty acids 0.029 g 0.065 g
Monounsaturated fatty acids 0.047 g 0.023 g
Polyunsaturated fatty acids 0287 ¢ 0.111 g
Vitamin A 87.00 IU 23.00 IU
Vitamin B1 0.027 mg 0.000 mg
Vitamin B2 0.025 mg 0.074 mg
Vitamin B3 0.341 mg 0.231 mg
Vitamin B5 0.183 mg 0.120 mg
Vitamin B6 0.063 mg 0.079 mg
Vitamin B9 25.00 mcg 31.00 mcg
Vitamin B12 0.00 mcg 0.08 mcg
Vitamin C 92.7 mg 161.3 mg
Vitamin D 0.00 mcg 0.00 mcg
Vitamin E 1.46 mg 1.40 mg
Vitamin K 40.3 mcg 6.1 mecg
Calcium 34.00 mg 17.00 mg
Copper 0.130 mg 0.151 mg
Iron 0.31 mg 0.21 mg
Magnesium 17.00 mg 12.00 mg
Manganese 0.098 mg 0.048 mg
Phosphorus 34.00 mg 25.00 mg
Potassium 312.00 mg 315.00 mg
Water 83.07 ¢ 8244 ¢
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Table 1. 3: Summary of findings from human studies with green or gold kiwifruit for digestive health.

Study

Population group

Intervention

Effect on GI or microbial parameters

Weir et al. [336]

FC vs. baseline

Randomised, double-blind, placebo-controlled clinical trial;
N= 58; green kiwifruit extract for 3 weeks

Increased  bowel  movements; decreased
constipation, bloating, abdominal gas and
flatulence.

Chan et al. [337]

FC vs. healthy controls

Prospective observational study;
N=53; 2 green kiwifruit per day for 4 weeks

Decreased transit time and laxative use in FC, no
differences in healthy controls.

Chang et al | IBS-C  vs. healthy | Randomised study with capsule control; Increased bowel frequency; decreased transit time
[338] controls N=41; 2 green kiwifruit per day for 4 weeks in IBS-C.

Cunillera et | FC vs. baseline Open, non-controlled and non-randomised longitudinal study; Increased bowel movements, faecal softness and
al.[339] N=46; 3 green kiwifruit per day for 3 weeks bulk.

Rush et al. [340]

Healthy elderly prone to
constipation vs. baseline

Randomised crossover study, no control;
N=38; 1 green kiwifruit per 30 kg of body weight for 3 weeks

Increased laxation, faecal softness and bulk.

Udani
Bloom [341]

and

FC vs. baseline

Randomised, double-blind, placebo-controlled, parallel-group
study;
N= 138; Green kiwifruit powder (5.5 g/day) for 4 weeks

Increased bowel frequency;
Reduced abdominal pain and flatulence.

Ansell et al
[342]

FC vs. healthy controls

Randomised, double-blind, placebo-controlled, crossover study;
N= 28; Gold kiwifruit “Zesy002” powder (2400 mg/day) in
capsules for 4 weeks;

Green kiwifruit powder (high dose: 2400 mg/day or low dose:
600 mg/day) in capsules for 4 weeks

Gold and green kiwifruit increased bowel
movements in healthy controls. No differences in
FC.

Eady et al. [327]

Mild FC vs. baseline

Randomised, single-blind, crossover study

Increased spontaneous bowel movements and

N=32; 3 gold kiwifruit “Zesy002” per day for 4 weeks faecal softness; decreased abdominal pain,
constipation, and indigestion.
Eady et al. [343] | IBS-C Vs. healthy | Randomised cross-over study Increased bowel frequency; decreased GI
controls N=38; 3 gold kiwifruit “Zesy002” per day for 4 weeks symptoms in IBS-C and healthy controls

Blatchford et al.
[344]

FC vs. healthy controls

Randomised cross-over;

N= 28; Gold kiwifruit “Zesy002” powder (2400 mg/day) in
capsules for 4 weeks;

Green kiwifruit powder (high dose: 2400 mg/day or low dose:
600 mg/day) in capsules for 4 weeks

Gold kiwifruit increased Clostridiales in healthy
controls and increased  Faecalibacterium
prausnitzii in FC;

Green kiwifruit increased Dorea spp. in FC.
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Wilson
[345]

et

al.

Prediabetes vs. baseline

N=24; 2 gold kiwiftruit per day for over 12 weeks

Increased uncharacterised members
Coriobacteriaceae family.

of the
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1.6.1 The gastrointestinal microbiota

Previous data from human and in vitro studies suggest that green and gold kiwifruit can
affect the growth of specific bacterial groups, microbial diversity and metabolite profiles,
mostly of the lower GI microbiota. For example, in human studies (Table 1.3), consuming
a green kiwifruit-derived supplement over 4 weeks increased the abundance of Dorea
spp. from 0 to 4% in subjects with FC [344]. In contrast, a gold kiwifruit-derived
supplement increased the abundance of Clostridiales in controls and the abundance of
Faecalibacterium prausnitzii in FC subjects [344]. Increased abundance in F. prausnitzii
could have been attributable to the presence of pectin and uronic acids in the gold
kiwifruit, which are fundamental substrates for the growth of this bacterium [346]. This
result is particularly relevant since the increase in butyrogenic bacteria (F. prausnitzii,

Ruminococcaceae) could positively affect FC subjects.

Another study demonstrated that gold kiwifruit supplementation in subjects with
prediabetes increased the relative abundance of taxa from the Coriobacteriaceae family
[345]. Members of the Coriobacteriaceae family are involved in the hydrolysis of
polyphenols, which are abundant in green and gold kiwifruit [347]. The polyphenol and
fibre content of kiwifruit seems to affect colonic microbial metabolism and correlate with
lactate production, as demonstrated in an in vitro study with different cultivars of kiwifruit
[348]. This study showed that when the human faecal microbiota was used to ferment

green kiwifruit, the amount of fibre and polyphenols correlated with lactate concentration.

More in vitro studies demonstrated that the green and gold kiwifruit increase the relative
abundance of members of the Bifidobacterium genus and Ruminococcaceae family and
decrease the relative abundance of members of the Bacteroides genus [348, 349]. In
addition, green and gold kiwifruit promoted the colonisation and adhesion of Bacteroides-
Prevotella-Porphyromonas groups and Bifidobacterium spp. to Caco-2 cells in an in vitro
model of gastric-ileal digestion followed by faecal fermentation [350]. Moreover,
increased microbial glycosidase activity, especially related to the breakdown of kiwifruit
oligosaccharides, and increased SCFAs generation were observed [350]. A previous in
vitro study confirmed that digested gold kiwifruit increased the relative abundance of
Bacteroides spp., Parabacteroides spp. and Bifidobacterium spp. after 48 hours of

fermentation [351].
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In vivo studies showed that green kiwifruit skin or flesh increased the relative abundance
of Lachnospiraceae and Lactobacillus spp. in rats [352] and that pigs fed freeze-dried
green kiwifruit or green kiwifruit fibre diets had increased Bacteroides genus, decreased
Enterobacteriaceae family and E. coli, as well as a greater ratio of Lactobacillus to
Enterobacteriaceae in comparison to pigs fed a control diet [353]. However,
metagenomic analyses of the taxonomic and functional capability of the microbiota
following a green or gold kiwifruit intervention are needed, as the above-mentioned

studies relied on 16S ribosomal RNA analysis.

1.6.2 Motility and epithelial barrier function

Previous research on pigs [354, 355] and humans (Table 1.3) demonstrated that
consuming green kiwifruit increases water retention and faecal bulking, likely due to the
pectic fraction of the kiwifruit, which is entirely fermented by the colonic microbiota
[356, 357], increasing the production of SCFAs. The increased concentration of SCFAs
may enhance colonic motility and increase faecal bulking [358]. Effects of green or gold

kiwifruit consumption also support colonic lubrication and peristalsis [359].

A reduced colonic transit time is mostly associated with the actions of actinidin [360], as
this enzyme favours laxation through the stimulation of colonic receptors [361]. The
polyphenols in green kiwifruit could also increase bile acid secretion, which decreases
water reabsorption and softens faecal bulk, stimulating colonic motility and increasing

urgency [362].

Data from in vitro experiments [363] suggest that the fibre in the green kiwifruit is likely
to improve colonic epithelial barrier integrity by increasing microbial production of
butyrate. In rats, the consumption of gold kiwifruit increased colonic goblet cell numbers
per crypt after 6 weeks of treatment [364], and the consumption of green and gold
kiwifruit improved barrier function by stimulating the expression of the mucin genes
muc2 and muc3 [364, 365]. Furthermore, the increased expression of these genes was
demonstrated to inhibit the adherence of pathogens to the colonic epithelium in an in vitro

study [366].

Several components and properties of green or gold kiwifruit, such as the high fibre

content, actinidin action and water-holding capacity, have been suggested to be
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responsible for affecting colonic mucin production and increasing the mucous layer [367].
Considering the previous data about mucin gene expression, goblet cell numbers, and
digesta mucin content in animal studies [368], it is plausible that the consumption of green
kiwifruit or gold kiwifruit could affect colonic mucin production and enhance colonic

barrier function in humans.

On the other hand, the proteolytic activity of actinidin in green kiwifruit has been
associated with the disruption of tight junctions and increased colonic permeability, thus
contributing to allergic responses to kiwifruit [369, 370]. The protease-dependent
disruption of occludins, increased permeability, and reduced transepithelial resistance
were demonstrated in vivo and in vitro [369, 371]. Gold kiwifruit was considered less

allergenic than green kiwifruit because it contains lower levels of actinidin [372].

Overall, several human studies demonstrated that the daily consumption of green or gold
kiwifruit is a safe and effective natural laxative for FC or IBS-C subjects (Table 1.3).
However, direct comparisons between studies and the application of results to the larger
healthy population are not always possible, because of the differences in the size of the
cohorts, duration of the intervention, and screening questionnaires used. In addition,
dietary, GI habit questionnaires, socioeconomic status and “quality of life” questionnaires
are not always considered but are important for holistically evaluating the efficacy of

kiwifruit consumption on the digestive function of subjects with FGIDs.

1.6.3 Immunity

The effects of green or gold kiwifruit on the immune system have been investigated in
several in vivo, in vitro and ex vivo studies (Table 1.4). Decreased levels of pro-
inflammatory cytokines [373-375], nitric oxide [374] and reactive oxygen species, and a
decreased inflammatory response [375] were observed after treatments with green or gold
kiwifruit. Gamma-aminobutyric acid, which can be generated by the decarboxylation of
glutamic acid by the host or the colonic microbiota [376], was shown to increase in
concentration after the microbial fermentation of both kiwifruit cultivars (green kiwifruit

> gold kiwifruit) [349]. Fermented green or gold kiwifruit were incubated with Caco-2
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cells and, after 3 hours, decreased gene expression of pro-inflammatory TNF was

observed as an effect of both kiwifruit cultivars [349].

Different results were observed in mice studies, where pro-inflammatory cytokine [343,
377, 378], nitric oxide [377], and immune cell functions, including phagocytic [379] and
natural killer cell activity, were promoted after treatments with green or gold kiwifruit.
The ovalbumin-specific antibody isotypes, typical of both a T-helper 1 (IgG2b and 2c)
and a T-helper 2 (IgG1) immune response, were produced after that mice were fed gold
kiwifruit puree [380]. Increased neutrophil chemotaxis was also observed in young man
after a four-week intervention with two gold kiwifruit/day [381]. These results suggested
that the green and gold kiwifruit could enhance both innate and adaptive immune

responsces.

The different modulation of the immune response by green or gold kiwifruit was
attributed to several compounds. Among these, the enzyme actinidin is thought to
modulate inflammation and abdominal pain through proteolytic activation of the protease
activated receptor 2 and 4 [382]. These receptors were shown to be involved in anti-
inflammatory responses in a mouse model of colitis [383] and in the reduction of visceral

hypersensitivity in mice [384].

Actinidin cleaves the protein kiwellin into KiTH and kissper, a thaumatin-like protein
identified in green kiwifruit [385, 386]. The biological functions of kiwellin and KiTH
are poorly understood. However, kissper has been suggested to have anti-inflammatory
properties. Among these, there is the induction of anti-inflammatory transforming
growing factor (TGF)-p secretion, and the reduction of NF-kB activation and TNF
expression. These effects were demonstrated in Caco-2 cells and ex vivo LPS-stimulated
colonic mucosa from Crohn’s disease subjects [375]. Moreover, the pre-incubation and
culture of intestinal explants from celiac disease subjects with kissper decreased the levels
of transglutaminase 2, human leukocyte antigen- DR isotype and cyclooxygenase 2 [387].

Kissper also has antifungal activity [388].

Vitamin C and E, folate and potassium, which are beneficial for maintaining an anti-
inflammatory environment and the function of epithelial and endothelial cells [389, 390],
are present in high levels in green and gold kiwifruit. Vitamin C accumulates in
phagocytic cells and can enhance chemotaxis, phagocytosis, generation of reactive

oxygen species and bactericidal activity [381, 391-393]. Similarly, vitamin E enhances
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cell-mediated and humoral immunity, lymphocyte proliferation, Ig levels, antibody
responses and natural killer cell activity [394] and indirectly modulates T cell function by
affecting inflammatory mediators generated from other immune cells [395]. Colonocytes
likely need high intracellular levels of vitamin C and E to reduce inflammation, as it was
previously shown that other specialised epithelial cells, such as keratinocytes, need

vitamin C and E to limit inflammation caused by UV damage [396].

Finally, vitamin C has strong antioxidant properties, scavenging free radicals and nitrogen
species and regenerating other small antioxidant molecules from their respective radicals
[397]. The antioxidant properties of vitamins C and E could help maintain the
functionality and structural integrity of immune cells, therefore enhancing immunity

[398].
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Table 1. 4: Summary of findings from human, in vitro and in vivo studies investigating the effect of the green or gold kiwifruit on the immune status.

Study

Experimental group/ model

Intervention/ treatment

Effect on immune parameters

Eady et al. [343]

IBS-C vs. healthy controls

Randomised cross-over study

N=38;

3 gold kiwifruit “Zesy002” per day for 4
weeks

Increased TNF

Bohn et al. [399]

Healthy
controls

smokers vs. healthy

N=102
3 kiwifruits (variety not defined)/day for 8

Upregulation of blood cell expression of genes
involved in the regulation of cellular stress

weeks defence, such as DNA repair, apoptosis and
hypoxia
Bozonet et al | Healthy subjects vs. baseline N=14 Increased neutrophil chemotaxis and oxidant
B | [381] 2 gold kiwifruits/day for 4 weeks generation
E Brevik et al. [400] | Healthy subjects eating 1 kiwifruit | N=24 Decreased purine oxidation in lymphocyte DNA
g vs. healthy subjects eating 2 | 1 or 2 gold kiwifruits/day for 4 weeks and whole blood platelet aggregation after 1
g kiwifruits kiwifruit/day; decreased pyrimidine oxidation
T after 2 kiwifruits/day
D’Eliseo et al. | LPS-stimulated THP-1 monocytes | Green kiwifruit peel extract Decreased production of IL-6, IL-1B, TNF,
[373] HMGBI and granzyme B
Russo et al. [387] Intestinal culture explant from | Kissper preincubation and culture for 24 hours | Decreased  transglutaminase 2,  Human
celiac disease patients and healthy Leukocyte  Antigen- DR  isotype and
controls cyclooxygenase 2
Ciacci et al. [375] Caco-2 cells; Fresh fruit or raw kiwi fruit extracts Decreased inflammatory response, reactive
oxygen species levels, TNF and NF-kB
Ex vivo LPS-stimulated colonic activation in both Caco-2 cells and the colonic
mucosa from subjects with Chron’s mucosa; increased TGF-1
disease
3
E
= | Edmunds et al | Ex vivo explants of primary | Aqueous and ethyl acetate extracts of gold | Green and gold kiwifruit extracts reduced nitric
= [401] macrophages and intestinal | kiwifruit or green kiwifruit oxide and cytokine secretion by both models
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epithelial cells from C57BL/5J and
11107 mice;

In vivo studies

RAW 264.7
Paturi et al. [402] HT-29 cells In vitro gastro-ileal digestion and colonic | Soluble bacteria-free fermented green and gold
fermentation of gold and green kiwifruit kiwifruit increased IL-7 secretion;

Increased IL-7 secretion after incubation of HT-
29 cells with fermented green kiwifruit, but not
fermented gold kiwiftuit, in the presence of IFN-
Y

Bentley-Hewitt et | Rats Diet with 20% fresh pureed green or gold | Increased expression of inflammation-related

al. [377] kiwifruit genes NOS2 and TNF in the duodenum of
aspirin-treated rats fed green kiwifruit;
No effects in inflammation-related genes in rats
fed gold kiwifruit

Qu et al. [374] Obese mice Gold kiwifruit seed oil for 12 weeks Decreased gene expression of TNF, IL-6, IL-1,
cyclooxygenase 2, and inducible nitric oxide

Edmunds et al | 11107 mice Aqueous and ethyl acetate extracts of gold | Results from an in vitro study [401] were not

[403] kiwifruit or green kiwifruit confirmed in vivo

Hunter et al. [380] | Mice Gold kiwifruit puree or gold kiwifruit juice for | Increased total Ig and IgG in mice fed gold

20 days kiwifruit puree

Mahmoud et al | Mice Green kiwifruit juice for 8 days Increased nuclear factor erythroid 2-related

[404] factor 2; decreased NF-«B

Ma et al. [379] Mice Green kiwifruit extract for 30 days Increased levels of IgA, IgG and IgM,
phagocytic activity and lymphocytes
transformation;

Shu et al. [405]

Mice undergoing vaccination for
Cholera or diphtheria/tetanus

Diet with an extract of combined green and
gold kiwifruit for 11 days or 29 days

Increased IFN-y production, natural killer cell
activity and mucosal and serum antibody
response to the vaccines
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Iwasawa
[378]

et

al.

Mice

Green and gold kiwifruit juice for 8 days

Increased cytokine production and neutrophil
accumulation; decreased urinary oxidative stress
markers in mice fed gold and green kiwifruit
juice
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Figure 1. 7: Overview of the possible beneficial activities of green kiwifruit in the GI tract.
Several consequences of green kiwifruit consumption have been proven in previous studies (green: solid

line), but other mechanisms are less studied (orange dashed line). Created with BioRender.com.
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1.7 PhD dissertation overview

It is evident from the literature review that the microbiota-host interplay in the GI tract
needs to be investigated in the context of a dynamic community interacting with different
cell types, with local and systemic effects. The research reviewed in Chapter 1 sought to
detail the current evidence of these complex interactions and their role in the
pathophysiology of FGIDs. However, the mechanisms responsible for FGIDs are still
poorly understood, and many questions remain about the exact role of the GI microbiota
and how changes to it relate to these conditions. Defining the relationship between FGIDs,
the colonic microbiota, and immunity is an important research gap, and priority should

be given to a systems biology approach.

The sequencing technologies and the bioinformatics tools to analyse large datasets have
been adapted for human microbiota and immune cell gene expression analyses, but the
methodology has not been standardised yet. For the microbiota, differences related to the
study design, sample collection, DNA extraction methods (G’NOME, QIAGEN,
PROMEGA), analysis methods (16S ribosomal RNA sequencing and whole metagenome
sequencing) and the large inter-individual differences in microbiota composition make it

difficult to compare and generalise findings from different groups directly.

The ‘Christchurch IBS cehort to investigate mechanisms for gut relief, and improved
transit’ (COMFORT) cohort with 315 participants with FGIDs provides an opportunity
to study the key microbiota-immune-mediated pathways responsible for GI comfort and
function. The distinctive trait of the COMFORT cohort is the large recruitment of
volunteers (healthy controls, FGID participants), where biological samples (faeces,
blood, biopsies) for targeted and untargeted biochemical analyses have been collected in
combination with a range of GI and non-GI symptoms and dietary data. A systems
biology approach integrating multiple datasets rather than analysing omics data and
clinical questionnaires alone will generate a better mechanistic insight into the

pathophysiology of FGIDs.

The difficulty in discriminating between FGID subtypes represents an additional gap. It
is not always possible to confidently discriminate IBS-C from FC, or IBS-D from FD, as
the symptoms often overlap between different FGID subtypes, and the Rome IV criteria
are exclusively based on symptom reports. However, the most important evidence is that

in all FGID subtypes, changes in microbiota composition have been reported. This finding
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suggests that these differences may be used to discriminate between FGID or IBS

subtypes.

Low-grade inflammation and immune activation have been hypothesised to play a role in
the pathophysiology of FGIDs, affecting visceral sensitivity and mucosal barrier function.
However, in vitro experiments measuring immune alterations in the blood or the colonic

mucosa of IBS subjects have yielded conflicting results [406].

Gene expression analyses using biopsy samples from IBS subjects have been performed
by others [407], but studies investigating peripheral blood mononuclear cells (PBMCs)
gene expression patterns in FGIDs are lacking [408]. Peripheral blood samples are more
accessible and less invasive sources of cells than biopsies, and gene expression profiling
of PBMCs is a validated tool to provide information and explore the pathogenetic

background of a condition at the systemic level.

Previous dietary interventions with different foods or supplements attempted to modify
the GI microbiota composition and function and improve the immune status. In this
regard, regular consumption of green or gold kiwifruit has been demonstrated to affect
faecal microbiota composition, digestive function and immune function. However, these
studies relied on 16S ribosomal RNA analysis, which does not provide information on
the functional capability of the microbiota. Therefore, metagenomic analyses of the
taxonomic and functional capability of the faecal microbiota (as a proxy of the colonic

microbiota) following a kiwifruit intervention are needed.

Although several studies and data support the role of the microbiota-immune interplay in
the pathophysiology of FGIDs, it is important to consider the methodological challenges
to effectively investigate the GI microbiota and gaps in the field that need to be filled
before causation is established. Technological advances provide a robust framework to

identify and fill some of these gaps more effectively.

This PhD dissertation addresses some of the research questions deriving from the gaps

found in the literature as follows:

1. Does the combination of taxonomic and gene abundance analyses of the faecal
microbiota allow more accurate discrimination within FGID subtypes and between

FGID subtypes and healthy subjects (controls) than taxonomic data alone?
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2. What are the differences in PBMC gene expression within FGID subtypes and
between FGID subtypes and controls?

3. Can an integrative correlative analysis of microbial taxonomic with PBMC gene
expression and GI/non-GI symptom data provide insight into the microbial-host

interactions underlying FGIDs?

4. Do the faecal microbiota composition and functional potential change after daily
consumption of two gold kiwifruit Actinidia chinensis (ZESPRI® SunGold) for four

weeks in constipation predominant FGID subjects and controls?

5. Do the microbiota compositional profiles of constipation predominant FGID subjects
or controls correlate to GI and non-GI symptoms after the intervention with either

gold kiwifruit or psyllium?

1.7.1 Main hypotheses and aims

The main hypothesis of the research presented in this PhD thesis dissertation is that the
combined analysis of the faecal microbiota composition, gene abundance, and PBMC
transcriptome profile, along with the integration of these biological datasets with GI and
non-GI symptoms, provide a more accurate discrimination of FGIDs within subtypes or

FGIDs from controls than the analysis of each dataset alone.

An additional hypothesis was that changes in the faecal microbiota composition and gene
abundance profiles occurring in constipation predominant FGIDs (IBS-C or FC) and
controls differ after consuming two gold kiwifruit or a fibre-match intervention
(psyllium) daily for four weeks, and these changes are associated with GI and non-GI

symptoms.

A systems biology approach was used in this PhD dissertation to determine the changes
in the faecal microbial and systemic immune signatures in FGID subjects. The first aim
was to characterise the faecal microbial signature (as a proxy of the microbiota present in
the colonic lumen) and the systemic immune signature (as a proxy of the systemic
immune interactions and signalling network) of subjects with FGIDs (IBS-C, IBS-D, FC,
FD) and controls, to gain mechanistic insights into the microbiota-immune-mediated

pathways underlying FGIDs.
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The second aim was to integrate the faecal microbiota taxonomic composition and PBMC
gene expression datasets with GI and non-GI symptoms from subjects with FGIDs and
controls to identify potential relationships between variables and better understand the
host-microbe interactions underlying the phenotype of constipation or diarrhoea

predominant FGIDs.

The third aim was to evaluate a classification model of FGIDs by analysing the receiver
operating characteristic (ROC) curve and area under the curve (AUC) of selected
microbial taxa, PBMC genes and GI and non-GI symptoms to distinguish between FGID
subtypes and controls or within FGID subtypes.

The final aim was to determine the effect of the daily consumption for four weeks of two
gold kiwifruit or psyllium (fibre-matched) on microbial composition and gene abundance
profiles, and their relationships to GI and non-GI symptoms, in subjects with constipation

predominant FGIDs (IBS-C or FC) and controls.
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Table 1. 5: Overview of the thesis structure.

Chapter 1

Literature review

Research chapters

Chapter 2

The faecal microbiota in FGIDs
[ Characterisation of the faccal microbiota taxonomic composition and predicted gene function in FGID subjects and controls.
[J Determination of the faecal microbiota signature of the FC and FD subtypes.

[J  Determination of the faecal microbiota signature of the IBS-C and IBS-D subtypes.

Chapter 3

Peripheral blood immune profile in FGIDs
[1  Characterisation of the gene expression profile of PBMCs from FGID subjects and controls.

[ Functional enrichment analysis to identify related gene groups and explore the functional associations between genes likely
to influence a mutual biological purpose.

[J Determination of the immune gene expression signature of the FC and FD subtypes.

[1  Determination of the immune gene expression signature of the IBS-C and IBS-D subtypes.

Chapter 4

Microbial-host interactions in FGIDs
[1 Integrative analysis of microbial taxonomic composition with PBMC gene expression data and GI and non-GI symptoms.

[ Evaluation of a classification model of FGIDs by analysing the receiver operating characteristic (ROC) curve and area under
the curve (AUC) of selected microbial composition, PBMC genes and GI and non-GI symptoms.

Chapter 5

The gold kiwifruit and psyllium interventions in FC and IBS-C subjects

[ Characterisation of the faecal microbiota taxonomic composition and predicted gene function in constipation predominant
subjects and controls fed the gold kiwifruit/psyllium intervention for four weeks.

Chapter 6

General discussion
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Chapter 2

Characterisation of the taxonomic composition and gene
abundances of the faecal microbiota in subjects with

functional gastrointestinal disorders

A journal article titled “Identification of a faecal microbiota signature in functional
gastrointestinal disorders” (Caterina Carco, Wayne Young, Phoebe E. Heenan, Richard
B. Gearry , Elizabeth Forbes-Blom, Jacqueline I. Keenan, Nicholas J. Talley, Warren C.
McNabb, Nicole C. Roy) will be submitted to the American Journal of Gastroenterology
in 2023.
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https://pubmed.ncbi.nlm.nih.gov/?term=Roy+NC&cauthor_id=33014892

2.1 Abstract

It is now well accepted that alterations in the colonic microbiota play a role in functional
gastrointestinal disorders (FGIDs), including irritable bowel syndrome (IBS) (IBS-D:
predominantly diarrhoea; IBS-C: predominantly constipation) and their functional
counterparts (FC: functional constipation; FD: functional diarrhoea). However, the exact
mechanisms are still unclear. Chapter 2 aims to characterise the taxonomic composition
and gene abundance of the faecal microbiota (as a proxy of colonic microbiota) of FGID
subjects and healthy subjects (controls) to gain mechanistic insights into the microbial
interactions underlying these disorders. Microbial DNA was extracted from 274 faecal
samples (72 IBS-C or FC, 73 IBS-D or FD and 129 controls) and analysed by shotgun
sequencing. Odds ratios were used to rank the relative enrichment or underrepresentation
of microbial taxa. Gene abundances were analysed using the pairwise negative binomial

generalised log-linear models with a quasi-likelihood test.

Changes in the relative abundance of facultative anaerobes (proteobacteria) and obligate
fermenters (hydrogen-consuming taxa and butyrate producers), and an increased
abundance of genes related to secretion systems and micronutrient competition were
detected in both diarrhoea (FD+IBS-D) and constipation (FC+IBS-C). The constipation
phenotype (FC+IBS-C), compared to controls, was characterised by an increased relative
abundance of facultative anaerobes over obligate fermenters, along with increased
relative abundance of genes related to virulence and micronutrient competition. The
diarrhoea phenotype (FD+IBS-D), compared to controls, was characterised by a lower
relative abundance of lactic acid bacteria and differential relative abundance of genes
involved in nitrogen fixation, and lactose fermentation. Overall, distinct microbiota
profiles associated with constipation or diarrhoea phenotypes were identified. When each
FGID subtype was compared to controls, a distinctive microbial signature discriminated
FC from controls and IBS-C, suggesting FC as a distinct condition rather than part of the
IBS-C spectrum. Despite FD and IBS-D had similar taxonomic signatures in comparison
to controls, the microbial functional changes discriminating the diarrhoea group (IBS-D

+ FD) from controls were related to IBS-D rather than FD.
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2.2 Introduction

The crucial role of the gastrointestinal (GI) microbiota in health and disease is
increasingly recognised [409]. The resident microbes in the GI tract have several
implications for the absorption and metabolism of nutrients, maintenance of structural
integrity of the mucosa, immunomodulation, and protection against pathogens [3, 4].

These processes underlie GI functions in health and disease.

It is well accepted that the composition and function of the colonic microbiota potentially
contribute to the pathophysiology of functional gastrointestinal disorders (FGIDs),
including irritable bowel syndrome (IBS) (predominantly diarrhoea, constipation, or a
mixed subtype) and its functional counterparts (functional constipation and functional
diarrhoea) [11-13]. These disorders feature chronic abdominal discomfort with changes

in bowel habits [14].

The clinical phenotype of FGIDs is associated with early childhood events, somatisation,
improper diets, and psychological, hereditary and environmental factors [7]. In addition,
these parameters can affect the composition and function of the colonic microbiota along
with many GI functions such as motility, sensitivity and mucosal permeability,

contributing to the pathophysiology of FGIDs [7].

The main differences between a healthy and an IBS-related faecal microbiota are changes
in Firmicutes:Bacteroides ratio [66-71], differences in the prevalence of Actinobacteria
and Proteobacteria phyla [72], increased relative abundances of the Enterobacteriaceae
family, Bacteroides genus, Ruminococcus genus [66, 73-76], and reduced Prevotella [66]
and Faecalibacterium genera [66, 77]. Other alterations reported in IBS include an
increased relative abundance of potential pathobionts, such as the Veillonella genus [69,
73, 78], and differences in the abundance of hydrogen using microbes [80]. These
differences include a decreased relative abundance of the Desulphovibrionaceae family

[79] and an increased relative abundance of the Methanobrevibacter genus [67, 81, 82].

Few studies have reported data on the dysbiosis of the faecal microbiota between IBS
subtypes and between IBS and functional counterparts. Some studies reported no
differences in the composition of the microbial community between IBS-C and IBS-D
[91]. Other studies associated different IBS subtypes with a unique microbial signature

[115].
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A higher relative abundance of taxa from the Firmicutes and Proteobacteria phyla [410],
the Clostridia class [411], and potential pathogens (Pseudomonas, Acinetobacter,
Arcobacter genera) [410], along with a lower relative abundance of the genera
Bacteroides and Bifidobacterium and the species Eubacterium rectale and
Faecalibacterium prausnitzii [412] were reported in FD in comparison to controls.

However, the GI and psychosomatic symptoms in IBS-D and FD often overlap [413].

Similarly, IBS-C and FC are often referred to as a single syndrome varying along one
clinical dimension, as they differ only by the presence of abdominal pain [414]. Studies
investigating the dysbiosis in FC reported an increased relative abundance of taxa from
the Firmicutes phylum [415], the Gamma-Proteobacteria class [416], and the
Enterobacteriaceae family [416, 417], including potential pathogens (Escherichia coli
[417], Staphylococcus aureus [417], Veillonella genus [416]) compared to controls. The
relative abundance of taxa from the Bacteroidetes phylum [415] and the genera
Prevotella, Clostridium, Bifidobacterium, Lactobacillus and Bacteroides have been
reported as higher [415, 416, 418] or lower [417, 419]. However, no studies directly
compared the differences in the faecal microbiota composition and function between IBS-

C and FC, and no biological biomarkers discriminate these conditions.

Only a few studies have investigated the integrated taxonomic and gene abundance in
FGIDs [420-422]. Differences in the relative abundance of the Proteobacteria and
Actinobacteria phyla, and the families Acidaminococcaceae, Sutterellaceae, and
Desulphovibrionaceae, along with an increased abundance of genes related to virulence
factors, antibiotic resistance [420-422], and vitamins and cofactors [420-422] were

reported in subjects with different IBS subtypes.

The inconsistencies among studies in the faecal microbiota profiles of IBS subtypes and
their functional counterparts have contributed to the lack of consensus about the role of
the microbiota and how changes to it relate to IBS symptoms. Moreover, identifying a
signature is difficult, due to the complexity, instability, and inter-individual variability of
the faecal microbiota. Diet, study size, IBS subtype predominance, different analytical

techniques and DNA extraction methods may also contribute to this lack of consistency.

The direct sequencing of all microbial DNA from faecal samples (metagenomics) allows
the investigation of the composition and functional potential of the microbiota [423],

providing data on community structure and diversity, new taxa and genes, and predicting
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the metabolic pathways encoded in the community. This information may help to identify
potential pathways and markers of dysbiosis, and discriminate FGIDs within subtypes

and from controls.

Chapter 2 aims to characterise the microbial taxonomic composition and gene abundance
of the faecal microbiota (as a proxy of colonic, luminal microbiota) of subjects with
FGIDs and healthy subjects recruited in the Christchurch IBS cohort to investigate
mechanisms for gut relief, and improved transit’ (COMFORT) cohort to gain
mechanistic insights into the complex microbial interactions underlying these disorders.
My contribution was to perform DNA extraction from faecal samples, conduct
bioinformatics and statistical analyses, interpret the datasets, and write the research

chapter.
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2.3 Hypothesis and aims

The main hypothesis of this analysis was that the faecal microbiota of subjects with
constipation predominant (IBS-C+FC) or diarrhoea predominant FGIDs (IBS-D+FD)
could be discriminated from controls, according to differences in composition and

predictive function.

An additional hypothesis was that the individual FGID subgroups (IBS-C, IBS-D, FC,
FD) could be discriminated from controls and from each other, according to differences

in composition and predictive function of the faecal microbiota.

The aim was to determine the microbial composition and gene abundance of faecal
samples obtained from subjects diagnosed and clustered in different FGID subgroups
(IBS-C, IBS-D, FC, FD) and controls from the COMFORT cohort to generate new
insights concerning potential microbiota-mediated pathways underlying FGIDs. Shotgun
metagenomic sequencing of faecal samples (as a proxy of the microbiota present in the
colonic lumen) was undertaken, and microbial taxonomic and functional gene abundance
analysis was conducted using the R programme. The microbiota data was visualised for

all FGID groups (FC, IBS-C, FD, IBS-D) and controls. Several comparisons were made:

1. Subjects were grouped according to the bowel movement pattern subtypes
(constipation phenotype: IBS-C+FC; diarrhoea phenotype: IBS-D+FD) and each

phenotype was compared to controls.
2. Subjects with IBS-D were compared to controls.
3. Subjects with FD were compared to controls.
4. Subjects with IBS-C were compared to controls.
5. Subjects with FC were compared to controls.

Subjects with IBS-M and IBS-U were excluded from the statistical analyses to focus on
the common and exclusive microbial taxonomic and functional differences among

subjects characterised by diarrhoea or constipation only.
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2.4 Materials and Methods

2.4.1 Study population

The participants of the COMFORT cohort were continuously recruited since July 2016
by former PhD Fellow Phoebe Heenan at the Christchurch Public Hospital
gastroenterology day ward and the Southern Cross Hospital Southern Endoscopy Centre
in Christchurch, New Zealand. The description of the COMFORT cohort has been

published in [424] and summarised here.

Participants were recruited by referral by their gastroenterologist (colonoscopy subgroup)
and the general public who responded to advertisements. The subgroup recruited from
the general public did not undergo colonoscopy but provided the questionnaire data and
biological samples. All participants were required to understand, date, and sign an
informed consent sheet if they agreed to participate. No procedures were started without
the written informed consent of the participant. Ethical approval was obtained in August
2017 from the University of Otago Human Ethics Committee (Health) (Reference
H16/094) [424].

A total of 349 participants were enrolled before December 2018. However, not all
participants could provide all questionnaire data or biological samples as planned. As a
result, 315 participants completed the study: 220 from either Christchurch Public Hospital
or Southern Cross Hospital and 95 from the general public (Figure 2.1).

The eligibility of participants was assessed using the Rome IV criteria according to the
results of the Modified Hunter New England Survey questionnaire [424], which allows
the classification of participants as cases (IBS, FC, or FD) or controls (Figure 2.2). In
total, the cohort involved 129 controls and 186 cases. The cases were classified as 57
diarrhoea predominant IBS (IBS-D), 30 constipation predominant IBS (IBS-C), 41
mixed-phenotype IBS (IBS-M), 42 FC, and 16 FD (Table 2.1).

The average age of the participants (18-70-year-old inclusive) was 53.4 years for the cases
and 54.4 years for the controls. Cases (80.1%) and controls (55.8%) were predominantly
female (Table 2.1). Participants with GI organic or systemic diseases, GI symptoms (e.g.,

blood in the faeces, nocturnal symptoms), unexplained weight loss, and anaemia were
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excluded from the study. The presence of other FGIDs, like functional dyspepsia and

functional distension, was not evaluated.

Invitation to study by gastroenterologist (n = 949)
« Christchurch Public Hospital (n = 740)
« Southern Endoscopy Centre (n = 209)

General public (n = 392)

Y

Declined participation (n = 992)

Enrolled (n = 349)

« Christchurch Public Hospital (n = 202)
» Southern Endoscopy Centre (n = 51)
» General public (n = 96)

v

A

.

Withdrawn (n = 20)
« Personal choice (n = 15)
« Met exclusion criteria

Partially completed study (n = 14)

Completed study (n = 315)

« IBS (n = 128)
« FC (n = 42)
« FD (n = 16)

«» Control (n = 129)

Figure 2. 1: Workflow of the recruitment of participants of the COMFORT cohort.

IBS, irritable bowel syndrome, FC, functional constipation; FD, functional diarrhoea (Figure from Heenan

et al [424], reproduced with permission).
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https://iffgd.org/gi-disorders/dyspepsia

IBS Other FGID

1. Abdominal pain 1. Symptomatc
a) More than once a week 2. Do not meet the criteria for IBS

b) Associated with change in frequency and/or form of stools

IBS-D IBS-C IBS-M IBS-U FC FD

1. >25% stools 1. >25% stools 1. >25% stools 1. Meet diagnostic 1. Must include 2 of the following: 1. >25% stools Bristol stool chart 6-7

Bristol stool Bristol stool Bristol stool criteria for IBS a) >25% straining during defecations

chart 6-7 chart 1-2 chart 1-2 b) >25% stools Bristol stool chart 1-2

25% tion of i ete o

2. <25% stools 2. <25% stools 2. >25% stools 2. Stool cannot be 2) :25% :?;bo: gf Ianrfgrxl bk;dcmagae & 2. Stool without predominant

Bristol stool Bristol stool Bristol stool classified into €) >25% manual manoeuvers to facilitate abdominal pain or bloating

chart 1-2 chart 6-7 chart 6-7 IBS-D, 1B8S-C, or defactions

1B5-M f) <3 complete spontaneous bowel motions
per week
2. Loose stools rare without laxative use

1. Criteria fulfilled for the last 3 months
2. Symptoms onset more than 6 months prior

Figure 2. 2: The bowel patterns classified by the Rome IV criteria for the diagnosis of FGIDs [15].

The Bristol stool scale is a diagnostic medical tool designed to classify human faeces into seven categories. Categories 1 and 2 indicate constipation, Categories 3 and 4
indicate the ideal faeces, and Categories 5, 6 and 7 indicate diarrhoea [15]. FGIDs, functional gastrointestinal disorders; FC, functional constipation; FD, functional
diarrhoea; IBS, irritable bowel syndrome; IBS-D, diarrhoea predominant irritable bowel syndrome; IBS-C, constipation predominant irritable bowel syndrome; IBS-M,
irritable bowel syndrome-mixed phenotype predominant; IBS-U, irritable bowel syndrome-undefined phenotype (Figure from Heenan et al. [424], reproduced with

permission).
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Table 2. 1: Characteristics of the participants recruited in the COMFORT cohort, including sex, age, education level and personal habits. FGIDs, functional

gastrointestinal disorders; FC, functional constipation; FD, functional diarrhoea; IBS, irritable bowel syndrome; IBS-D, diarrhoea predominant irritable bowel syndrome;

IBS-C, constipation predominant irritable bowel syndrome; IBS-M, irritable bowel syndrome-mixed phenotype predominant; MET, Metabolic Equivalent of Task (Table

from Heenan et al. [424], reproduced with permission).

IBS Other FGIDs Controls
IBS-D IBS-C IBS-M total EC FD total
Participants 57 30 41 128 42 16 58 129
Male/female 13/44 2/28 7134 22/106 12/30 3/13 15/43 57/72
Average age + SD, years  52.8+12 51.1+14 49.7+13 51.5+13 57.7+10 57.8+10 57.7+10 54.4+16
Education level achieved
Postgraduate 7 (18.4%) 4 (13.8%) 7 (20.0%) 18 (17.6%) 9(22.0%) 5(33.3%) 14 (25.0%) 37 (29.6%)
Tertiary 11(28.9%) 15 (51.7%) 17 (48.6%) 43 (42.2%) 15 (36.6%) 7 (46.7%) 22 (39.3%) 59 (47.2%)
Secondary 11(28.9%)  4(13.8%) 4(11.4%) 19 (18.6%) 11 (26.8%) 2 (13.3%) 13 (23.2%) 15 (12.0%)
Primary 9(23.7%) 6 (20.7%) 7 (20.0%) 22 (21.6%) 6 (14.6%) 1(6.7%) 7 (12.5%) 14 (11.2%)
Currently drink alcohol 44 (80.0%) 23 (74.2%) 33 (80.5%) 100 (78.7%) 34 (81.0%) 12 (85.7%) 46 (82.1%) 102 (79.1%)
Currently smoking 2(7.7%) 2 (15.4%) 1(6.3%) 5(3.9%) 1(7.1%) 2 (33.3%) 3(5.4%) 5(12.2%)
Past smoking 26 (46.4%)  13(43.3%)  16(39.0%)  55(43.3%) 14 (3.3%) 6 (42.9%) 20(35.7) 41 (31.8%)
A verage hours of exercise per week (% participants)
Walking 366.0 (77.2%) 652.4 (80.0%) 411.7 (74.4%) 452.6 (77.0%)  472.7(81.0%) 501.4 (50.0%) 477.7 (73.2%) 431.2 (82.0%)
Moderate 225.0 (68.4%) 228.8 (76.7%) 228.8 (77.0%) 227.2(73.0%)  230.0(50.0%) 146.7 (64.3%) 205.8 (53.6%) 161.1 (80.0%)
Vigorous 146.8 (30.0%) 97.9(30.0%) 71.4(35.9%) 1094 (31.7%) 94.7(21.4%) 85.8(21.4%) 95.3(21.4%) 96.7 (46.5%)
Average MET 18,620.7 42,1143 26,733.6 26,725.6 12,5455 28,2948 23,950.1 29,586.8
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2.4.2 Biological samples

2.4.2.1 DNA extraction from faecal samples

Participants were asked to collect a faecal sample at home and store the faecal sample at
- 20°Cand then deliver the samples to the study centre within 24 hours of collection in
the provided faeces collection kit with ice packs. Former PhD Fellow Phoebe Heenan
processed the faecal samples at the University of Otago, Department of Medicine,
Gastroenterology Research, Christchurch. Two samples of 1 g of faecal material were
snap-frozen in liquid nitrogen after the samples arrived and stored at -80°C until they

were sent to AgResearch in Palmerston North for extraction.

Extraction of DNA was carried out using the Macherey-Nagel NucleoSpin Soil kit
(Macherey-Nagel, Auckland, New Zealand) according to the manufacturer’s instructions
with some modifications. First, approximately 100-200 mg of the sample were transferred
to a tube containing ceramic beads, and the weight was recorded. Next, 700 pL of buffer
SL2 and 150 [ of Enhancer SX were added to each tube to lyse the material. The tubes
were then briefly vortexed and held for 20 min at room temperature. Next, the samples
were homogenised for 4 min using the Mini Bead-beater 96 (Biospec, Gisborne, New

Zealand).

After the bead-beating, the foam caused by the detergent was reduced by centrifuging the
samples at 11,000 x g for 2 min at room temperature. Finally, the clear supernatants were
transferred to a new collection tube to improve DNA yield before precipitation. The
particulate material was precipitated by adding 150 ['L of lysis buffer SL3, vortexing for
5 seconds and incubating for 5 min at 4°C. After the precipitation, the tube was
centrifuged at 11,000 x g for 3 min at room temperature, and 700 [ L of clear supernatant
was loaded into a new collection tube with a NucleoSpin Inhibitor Removal Column
filter. After centrifuging the tubes at 11,000 x g for 1 min at room temperature, the column
was discarded, and 250 [ L of binding buffer SB was added to the flow-through to adjust
binding conditions. Next, the sample was mixed by inversion, and 550 ['L was loaded
into a new collection tube with a NucleoSpin Soil Column. The filter binds the microbial
DNA. The sample was then centrifuged at 11,000 x g for 1 min at room temperature, and

the flow-through containing host DNA was discarded.
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Five consecutive washes of the silica membrane were followed by centrifuging at 11,000
x g for 30 seconds at room temperature after each wash. Next, 500 [l of the binding buffer
SB was used for the first wash, 550 (L of the wash buffer SW1 was used for the second
wash, and 700 (L of the wash buffer SW2 was used for the remaining washes. After the
last wash, the column was washed by centrifuging at 11,000 x g for 2 min at room

temperature.

The NucleoSpin Soil Column was placed into a new microcentrifuge tube, and 30 ['L of
elution buffer SE was added to the columns and incubated at room temperature for 1 min.
The microbial DNA was then eluted by centrifuging at 11,000 x g for 1 min at room
temperature. The microbial DNA was quantitated using the NanoDrop analyser
(Thermofisher Scientific, Waltham, USA) and checked for fragmentation induced by
bead beating by visualising 2 ['lL of DNA on a 1-2% agarose gel. DNA was stored at -
80°C. DNA samples met the sequencing criteria from Teagasc; the amount of DNA
(0.2ng/ul in 5 pl) and DNA quality (260/280 ratio > 1.5).

2.4.3 Shotgun metagenomic sequencing

Standard procedures were used for shotgun metagenomic sequencing. After extraction,
metagenomic DNA samples were paired-end shotgun sequenced by Dr Fiona Crispie at
Teagasc, Food Research Centre, Moorepark, Ireland. The DNA shotgun libraries were
prepared using the Illumina Nextera XT kit, as described in the manufacturer’s
instructions with the following change. Tagmentation time was increased from 5 to 7 min.
Following index PCR and clean up, the sizes of the fragments of all samples were
assessed by running on an Agilent bioanalyser using an Agilent High Sensitivity Kit and
quantified using a Qubit High Sensitivity Kit. The libraries were then pooled equi-molar
and the final concentration was determined using the Kapa Library Quantification Kit for
[llumina. The final library was then denatured and sequenced on an Illumina NextSeq 550
using the NextSeq 500/550 High Output Kit v2.5 (300 Cycles) as outlined in the

manufacturer’s instructions.
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2.4.4 Data acquisition and statistical analysis

The data acquisition and statistical analysis workflow used to identify differences in the
taxonomic and functional categories that may underlie the phenotypic variations in
FGIDs is described in Figure 2.3. Data were analysed with Human Microbiome Project
pipelines [425]. Mr Paul Maclean, Bioinformatician at AgResearch, carried out sequence
processing. This step included merging paired sequences using PEAR version 0.9.6 [426]
and detecting and removing host sequences with the human genome (Human GRCh38)
as a reference, using the BBMAP package version 38.22-0 with the bbduk.sh function. In
addition, Metaxa2 version 2.1.3a [427] was used to identify small-subunit ribosomal
DNA, and taxonomic classifications were determined using the Silva 128 database [428].
Next, sequences were aligned against the NCBI non-redundant protein reference database
using the "blastx" function of DIAMOND version 0.9.22 [429]. Finally, the DIAMOND
alignment files were assigned with putative gene functions using MEGAN version 6
ultimate edition [430] against the Kyoto Encyclopedia of Genes and Genomes (KEGG)
and SEED (http://pubseed.theseed.org/) databases. Both annotation schemes contain
categories of metabolic functions organised in multiple hierarchical levels. KEGG
analysis maps enzymes onto known metabolic pathways while SEED is a constantly

updated integration of genomic data with a genome database.

Analyses were carried out to characterise the faecal microbiota composition and gene
abundance in subjects grouped as described in Section 3.1. Participants were grouped
according to their bowel movement patterns (constipation phenotype: IBS-C+FC and
diarrhoea phenotype: IBS-D-+FD) or IBS subtypes (IBS-C, IBS-D) or functional subtypes
(FC, FD). These groups were compared to controls or between each other. Subjects with
IBS-M and IBS-U were excluded from the statistical analyses to focus on the common
and exclusive microbial taxonomic and functional differences among subjects
characterised by diarrhoea or constipation only. Alpha microbial diversity was calculated
in Qiime 1.8 (Quantitative Insights Into Microbial Ecology) wusing the
alpha_rarefaction.py script, rarefied to 1M reads (-e 1000000). Analysis of variance was

used to identify significant differences in microbial diversity.
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2.44.1 MetagenomeSeq

The R package “metagenomeSeq” [431], specifically designed for sparse high-throughput
sequencing analyses, was used to identify taxa or gene abundance that were differentially
abundant between groups, accounting for the effects of both normalisation and
undersampling of microbial communities. The strength of this package is a normalisation
method that avoids errors in measurements across taxonomic features. This software is
also appropriate for sparse data sets for which the zero-inflated Gaussian mixture model

is applied (i.e., probability distributions that allow for frequent zero-valued observations).
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Figure 2. 3: Overview of the workflow for microbiota taxonomic and functional analysis.

Created with BioRender.com.
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2.4.4.2 MRexperiment function

The MRexperiment function inside the “metagenomeSeq” package was used to create an
object of class “MRexperiment”, storing metagenomic count data and metadata info.
After preprocessing and annotation, counts, feature information, and phenotype data were
loaded into MRexperiment objects using the function “loadPhenoData”, which considers
data as a list. Next, files of counts (i.e., genus, species) were analysed using the function
“loadMeta”. Finally, the MRexperiment objects were used for subsequent normalisation,
statistical tests, and visualisations. The normalisation, which is required due to varying
depths of coverage across samples, was performed using the function “cumNorm”. This
normalisation method calculates scaling factors equal to the sum of counts up to a

particular quantile.

The data were separated into different taxa levels (Table 2.2) and normalised across
samples to minimise redundancy (duplicate data) and remove taxa that had less than 50
counts in total across all samples. MRexperiment objects for each taxonomic level were
created, repeated samples were removed and only taxa with more than 50 counts in total
across all samples were kept. MRexperiment objects were also created for each SEED
and KEGG category. The categories were separated into different taxa levels and

normalised across samples.

Table 2. 2: Hierarchy of the 8 major taxonomic ranks in the biological classification of
microorganisms.

Taxonomy Classification example
Domain Bacteria

Kingdom Bacteria

Phylum Firmicutes

Class Bacilli

Order Lactobacillales

Family Streptococcaceae
Genus Streptococcus

Species Streptococcus mutans
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2.4.4.3 Multivariate and univariate analyses

Partial least squares discriminant analysis (PLS-DA), a supervised multivariate model,
was used to identify the key genera that were responsible for the differential microbiota
structure  using the “plsda” function in the R package “mixOmics”

(http://www.mixOmics.org). The statistical significance of differences in microbial

taxonomic composition and gene abundances between groups was evaluated using the

multivariate analysis of similarities (ADONIS).

Odds ratios and pairwise comparisons are univariate analyses which were used to detect
differentially abundant microbial taxa and functional categories, respectively. Odds ratios
were performed quantifying the association strength between two events by assessing if
the microbial counts (of all counts) were in greater proportion in a group. Fisher’s exact
test on actual counts was used to create a 2x2 contingency table and calculate p-values,
odds ratios, and confidence intervals. The function “fitDO” calculates the proportion of
counts for each organism in the community and returns a data frame of p-values, odds
ratios, lower and upper confidence limits for every row of a matrix. An odds ratio of one
indicated that the community DNA had the same proportion of hits to a given category as
the comparison data set; an odds ratio greater than one indicated underrepresentation in
the FGID group (more hits to the control group than expected), whereas an odds ratio less
than one indicated enrichment in the FGID group (fewer hits to the control group than
expected). Results with FDR< 0.05 were considered significant. Only results with FDR<

0.05 are presented below.

Univariate analysis for differentially abundant functional categories was performed to
evaluate changes in microbial functionality with pairwise negative binomial generalised
log-linear models with a quasi-likelihood test. The datasets were filtered to remove rare
features and subsetted to analyse different functional levels, restricted to FGIDs or IBS
only. A quasi-likelihood test was applied to count data using the function “glmQLFit”
provided in the edgeR package, and a pairwise statistical test was used to compare groups.
Pairwise comparisons are statistical tests analysing multiple populations' means in pairs
to ascertain whether they differ significantly. Pairwise comparisons were conducted for a
given coefficient or a contrast, where the coefficient or the contrast indicates which
comparisons to be tested (i.e., IBS-C vs. controls, IBS-D vs. controls or IBS-C vs. IBS-
D). The edgeR package shows log2 fold change (FC) values by default. Results with
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FDR< 0.05 were considered significant. The KEGG and SEED databases were used to
identify high-level functions from large-scale molecular datasets generated by high-

throughput genome sequencing. Only results with FDR< 0.05 are presented below.
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2.5 Results

2.5.1 Faecal microbiota diversity

Alpha microbial diversity (the richness and evenness of the microbial community) was
measured using the Chao 1 index, an estimator based on total richness. Analysis of
variance was used to identify significant differences in microbial diversity between

groups.

No significant differences in alpha microbial diversity were detected between the IBS-D,
IBS-C, FD and FC groups, and controls (Figure 2.4 A, B). When subjects were grouped
according to the bowel movement pattern subtypes (constipation phenotype: IBS-C/FC
and diarrhoea phenotype: IBS-D/FD) and compared to controls, the alpha microbial
diversity was increased in subjects with constipation (p = 0.013) but not in subjects with

diarrhoea in comparison to controls (Figure 2.4 C).

2.5.2 Taxonomic analysis of the faecal microbiota

The mean number of reads per sample was 5,936,025, with a minimum of 1,393,848, a
maximum of 34,399,091 and a standard deviation of 3,367,564. Univariate analysis of
the composition of the faecal microbiota among participants of the COMFORT cohort
revealed that it was highly variable with no differences between controls and FGIDs
(Figures 2.5 A, B and 2.6). Multivariate analyses, such as PLS-DA, did not show apparent
distinct taxonomic compositions between FGID and control groups (R2=0.035; p=0.16)
(Figure 2.7 A) or between IBS subtypes and controls (R2=0.015; p=0.38) (Figure 2.7 B).
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Figure 2. 4: Microbial diversity analysis.

Rarefaction curves showing richness in the faecal microbiota of subjects with IBS (A), FC or FD (B), or subjects grouped according to the bowel movement pattern
subtypes (C). Different colours represent different FGID groups. The rarefaction curve shows the expected number of distinct taxa observed in a random subsample of
a given size from a larger pool of taxa, to estimate the species richness of a community. The rarefaction curve is generated by plotting the number of observed species
on the Y-axis against the number of sampled sequences on the X-axis. As the number of sampled sequences increases, the number of observed species also increases.
When more sequences are sampled, the chances of observing new species decrease, and the curve eventually reaches a plateau, indicating that most of the diversity in
the community has been detected. A steep curve quickly reaching a plateau indicates a low diversity community, while a sloping curve not reaching a plateau indicates
a high diversity community that has not been fully sampled. The error bars represent the standard deviation and indicate the variability in the number of observed species

at each level of sampling effort, showing the uncertainty in the estimated number of observed species. DIARR: diarrhoea (IBS-D+FD), CSTP: constipation (IBS-C+FC).
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Figure 2. 5: Faecal microbiota composition of controls and participants with FGIDs (FC, FD, IBS-C, and IBS-D) up to the family level visualised as a stacked

barplot (A) or heatmap (B). In A, each colour represents a different microbial taxon and each vertical column represents one individual. In B, the heatmap shows the

preferential occurrence of taxa up to the family level across participants. The dendrograms cluster taxa and FGID subtypes with similar occurrence patterns across

participants, based on their Euclidean distance. The colour scale represents the proportion of each taxa within a sample. The relative abundance of each taxa was

normalised to 1 to adjust the patterns of all taxa.
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Figure 2. 7: PLS-DA score plots of the taxonomic composition of the faecal microbiota of subjects

with constipation (FC+ IBS-C), diarrhoea (FD+ IBS-D) and controls (A), and subjects with IBS-C,
IBS-D, and controls (B).

PLS-DA was used to identify potential compositional differences between groups in the microbial
community at the species level. Each point represents a sample, and points with the same colour belong to

the same group. Analysis of differences among similarities (ADONIS) was used to evaluate differences
between groups. For IBS-D+FD and IBS-C+FC: R2=0.035; p= 0.16. For IBS-D and IBS-C: R2=0.015; p=

0.38). R2: proportion of variance (range 0 to 1). It indicates the amount of variability in the data, where 0=

grouping variables explain none of the variance in the data, and 1= grouping variables explain all the
variance in the data.
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2.5.2.1 Diarrhoea predominant functional gastrointestinal disorders

Based on the odds ratio analysis, participants with diarrhoea predominant FGIDs (IBS-
D+FD) were characterised by a lower relative abundance of taxa from the phyla
Tenericutes and Candidatus Melainabacteria, along with a higher abundance of taxa from
the phyla Firmicutes, including the Mollicutes class, and Lentisphaerae (Appendix Table
A).

2.5.2.1.1 Proteobacteria and pathobionts

Taxa from the Proteobacteria a-, B- and o- classes (e.g., Rhodospirillaceae,
Sutterellaceae, Pasteurellaceae and Desulphovibrionaceae families) showed a higher
abundance in diarrhoea predominant FGIDs compared to controls. Several genera
belonging to these families are pathobionts (e.g., Enterobacter, Klebsiella, and
Haemophilus genera) and were over-represented in diarrhoea predominant FGIDs (Table

2.3, Appendix Table A).

The relative abundance of the Peptostreptococcaceae tamily, which includes many
potentially pathogenic anaerobic taxa, and of the pathobiont Clostridioides difficile, was
higher in diarrhoea predominant FGIDs than in controls (Table 2.3, Appendix Table A).

2.5.2.1.2 Lactic acid bacteria

Among the lactic acid bacteria, the families Bifidobacteriaceae and Lactobacillaceae,
including the genera Bifidobacterium and Lactobacillus, were under-represented. In
contrast, the families Streptococcaceae and Enterococcaceae, including the
Streptococcus and Enterococcus genera, were over-represented in diarrhoea predominant

FGIDs compared to controls (Table 2.6, Appendix Table A).

2.5.2.1.3 Short-chain fatty acid producers

Several taxa directly or indirectly involved in SCFA production had different relative
abundances in diarrhoea predominant FGIDs compared to controls (Table 2.5). These

include several butyrate producers from the Clostridia class, particularly from the
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Lachnospiraceae family, whose relative abundances were higher in those with diarrhoea
predominant FGIDs compared to controls, but not in those with constipation predominant
FGIDs (Appendix Table A; Table 2.5). The relative abundance of butyrate producers
through amino acid fermentation (e.g., Porphyromonadaceae (genus Porpyromonas),
Odoribacteriaceae (genus Odoribacter), and Rikenellaceae (genus Alistipes)), was lower
in diarrhoea predominant FGIDs than in controls (Appendix Table A). In contrast, the
relative abundance of taxa that possessed enzymes involved in propionate production
(e.g., Phascolarctobacterium and Megamonas genera and many species from the Blautia
genus) was higher in diarrhoea predominant FGIDs than in controls (Table 2.5; Appendix
Table A).

The relative abundance of many succinate users from the family Veillonellaceae was
higher in diarrhoea predominant FGIDs than in controls (Table 2.5). Conversely, the
relative abundance of known succinate consumers from the families Odoribacteraceae
and Clostridaceae was lower in diarrhoea predominant FGIDs than in controls (Appendix
Table A). At lower taxonomic levels, succinate-producing species such as Prevotella
clara, Bacteroides vulgatus and Blautia wexlerae were enriched in faecal samples of
subjects with diarrhoea predominant FGIDs, which was accompanied by a lower
abundance of succinate-consuming species Phascolarctobacterium succinatutens,
Bacteroides thetaiotaomicron, Ruminococcus bromii and genus Odoribacter (Appendix
Table A). Correspondingly, the ratio of specific succinate producers to consumers
(Prevotellaceae+Veillonellaceae/Odoribacteraceae+Clostridaceae) was higher in

diarrhoea predominant FGIDs than in controls (Appendix Table A).

A lower relative abundance of many species of acetate producers from the Bacteroides,
Bifidobacterium, Prevotella, Ruminococcus and Clostridium genera was observed in
diarrhoea predominant FGIDs compared to controls (Table 2.5; Appendix Tables A, B,
O).

2.5.2.1.4 Hydrogen-metabolising bacteria

The relative abundance of the sulphate-reducing genera Bilophila and Desulphovibrio
was higher and lower, respectively, in diarrhoea predominant FGIDs, compared to

controls (Table 2.4). Conversely, the relative abundance of their competitors for
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hydrogen, Blautia and Methanobrevibacter genera, was higher and lower, respectively,

in diarrhoea predominant FGIDs compared to controls (Table 2.4; Appendix Table A).

2.5.2.1.5 Individual analysis of the IBS-D and FD subtypes

When the subtypes were individually compared to controls, the significant changes in the
relative abundance of some hydrogen-metabolising taxa were attributable to IBS-D rather
than FD (Figure 2.8 B). For example, the relative abundance of taxa from the
Euryarchaeota phylum, including the Methanobrevibacter genus, was decreased in IBS-
D but increased in FD compared to controls. The relative abundance of sulphate-reducing
bacteria from the Desulphovibrionaceae tamily, including Bilophila, was increased in
IBS-D but decreased in FD, compared to controls (Table 2.4; Figure 2.8 B; Appendix
Tables B, C).

The relative abundance of many butyrate-producing genera (Anaerotruncus,
Catenibacterium, Coprobacillus and Roseburia) was higher in FD than in IBS-D
(Appendix Tables B, C). Conversely, the increased relative abundances of propionate
producers, including the Negativicutes class and its members Phascolarctobacterium and

Megamonas genera, were associated with IBS-D rather than FD (Table 2.5).

An increased relative abundance of the Haemophilus genus (commensal and pathogenic
species) was exclusively detected in FD, while that of Enterobacter and Klebsiella genera
was exclusively detected in IBS-D. Compared to controls, an increased relative
abundance of the Peptostreptococcaceae family, including the potential pathogen C.
difficile, was detected in both FD and IBS-D subtypes (Table 2.3; Figure 2.8 B; Appendix
Tables B, C).
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Table 2. 3: Relative abundance of pathobionts and potential pathogens across FGIDs at the genus and species level compared to controls.

Odds ratios (OR) were used to rank the relative enrichment or underrepresentation of microbial taxa, where OR <1 indicated enrichment in the FGID group, and OR >1

indicated underrepresentation in the FGID group.

IBS-C+FC IBS-D+FD IBS-C FC IBS-D FD
Genus OR FDR OR FDR OR FDR OR FDR OR FDR OR FDR
Klebsiella 0.24 <0.0001 0.08 0 0.39 <0.0001 0.18 <0.0001 0.06 0 0.66 <0.01
Salmonella 0.38 <0.0001 - - - - 0.22 <0.0001 - - - -
Shigella 0.41 <0.0001 1.41 <0.001 - - 0.29 <0.0001 - - - -
Enterobacter 0 <0.0001 0 <0.0001 - - 0 <0.0001 0 <0.0001 - -
Haemophilus 331 <0.0001 0.47 <0.0001 - - 1.90 <0.0001 - - 0.17 <0.0001
Escherichia 0.74 <0.0001 | 2.19 0 1.41 <0.0001 0.54 0 2.00 0 3.07 <0.0001
Species
Clostridioides difficile | - - 0.49 <0.0001 - - - - 0.5 <0.0001 0.51 <0.0001
Escherichia coli 0.66 <0.0001 | 2.00 <0.0001 1.22 <0.0001 0.5 <0.0001 1.79 <0.0001 3.42 <0.0001
Klebsiella pneumoniae | 0.42 <0.0001 0.49 <0.0001 0.41 <0.0001 0.43 <0.0001 0.38 <0.0001 - -
Salmonella enterica 0.41 <0.01 - - - - 0.24 <0.0001 - - - -
Shigella sonnei 0.48 <0.0001 1.44 <0.01 - - 0.36 <0.0001 - - - -
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Table 2. 4: Relative abundance of hydrogenotrophic microbes across FGIDs at the genus level compared to controls.

Odds ratios (OR) were used to rank the relative enrichment or underrepresentation of microbial taxa, where OR <1 indicated enrichment in the FGID group, and OR >1

indicated underrepresentation in the FGID group.

IBS-C+FC IBS-D+FD IBS-C FC IBS-D FD
Function Genus OR FDR OR | FDR OR | FDR OR | FDR OR FDR OR FDR
Sulphate Bilophila 0.72 | <0.0001 | 0.76 | <0.0001 | 0.71 | <0.0001 | 0.72 | <0.0001 | 0.64 | <0.0001 | 1.86 | <0.0001
reduction Desulphovibrio 0.75 | <0.0001 | 1.62 | <0.0001 | 0.68 | <0.0001 | 0.81 | <0.0001 | 1.84 | <0.0001 | 1.16 | <0.01
Methanogenesis Methanobrevibacter | 0.77 | <0.0001 | 1.29 | <0.0001 | - - 0.68 | <0.0001 | 2.2 <0.0001 | 0.55 | <0.0001
Acetogenesis Blautia 1.05 | <0.0001 | 0.75 | O 1.08 | <0.0001 | 1.02 | <0.01 076 |0 0.74 | <0.0001
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Table 2. 5: Relative gene abundance of microbial butyrate, propionate, and acetate producers in FGID subtypes compared to controls. The arrows indicate
increased (1) or decreased (|) relative abundance of the taxa in comparison to controls in each subtype with a false discovery rate (FDR) < 0.05. Odd ratios were used to
rank the relative enrichment or underrepresentation of microbial taxa, where OR <1 indicated enrichment in the FGID group, and OR >1 indicated underrepresentation

in the FGID group.

FGID groups vs controls

Producers IBS-D FD IBS-D+FD IBS-C | FC IBS-C+FC
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2.5.2.2 Constipation predominant functional gastrointestinal disorders

When constipation predominant FGIDs (IBS-C+FC) were analysed as a group, the
relative abundances of Verrucomicrobia, Euryarchaeota, and Spirochaetes phyla were
increased, compared to controls. At the same time, the relative abundance of Tenericutes

and Candidatus Melainabacteria phyla decreased (Appendix Table D).

2.5.2.2.1 Proteobacteria and pathobionts

The relative abundance of Proteobacteria from the 8- and y- classes was higher in
constipation predominant FGIDs than in controls. Families belonging to these classes
(Succinivibrionaceae and Enterobacteriaceae), and many potential pathobionts
(Succinatimonas genus, Enterobacter genus, Escherichia coli, Klebsiella spp.,
Salmonella spp. and Shigella spp.), had a higher relative abundance in subjects with
constipation predominant FGIDs compared to controls (Table 2.3; Appendix Table D).

2.5.2.2.2 Lactic acid bacteria

The relative abundance of lactic acid bacteria from the Lactobacillaceae,
Bifidobacteriaceae, Streptococcaceae and Enterococcaceae families, including the
Bifidobacterium, Lactobacillus, Streptococcus and Enterococcus genera, was overall

higher in constipation predominant FGIDs than controls (Table 2.6; Appendix Table D).

2.5.2.2.3 Short-chain fatty acid producers

Many obligate fermenters from the Clostridia and Bacteroidia classes, and the
Lachnospiraceae and Clostridiaceae families, had a lower abundance in constipation

predominant FGIDs compared to controls (Table 2.5; Appendix Table D).

The relative abundance of many succinate producers from the Prevotellaceae and
Veillonellaceae families, including the species Prevotella xylaniphila, Bacteroides
caccae and Megasphaera elsdenii, was higher in constipation predominant FGIDs than
in controls (Table 2.5; Appendix Table D). Conversely, the relative abundance of many

succinate consumers from the Odoribacteraceae and Clostridaceae families, including
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the species Phascolarctobacterium succinatutens, B. thetaiotaomicron, Dialister
succinatiphilus, R. bromii and Odoribacter, was lower in constipation predominant
FGIDs, than in controls (Appendix Table D). Thus, the ratio of specific succinate
producers to consumers
(Prevotellaceae+Veillonellaceae/Odoribacteraceae+Clostridaceae) was higher in

constipation predominant FGIDs than in controls (Appendix Table D).

2.5.2.2.4 Hydrogen-metabolising bacteria

The relative abundance of the sulphate-reducing genera Bilophila and Desulphovibrio,
and methanogens, such as the Methanobrevibacter genus, was higher in constipation
predominant FGIDs, compared to controls. Conversely, the relative abundance of their
competitor for hydrogen, the Blautia genus, was lower in constipation predominant

FGIDs compared to controls (Table 2.4; Appendix Table D).

2.5.2.2.5 Individual analysis of the IBS-C and FC subtypes

When the subtypes FC and IBS-C were individually compared to controls, many
taxonomic differences were attributable to changes in FC rather than in IBS-C, compared
to controls (Figure 2.8 A). For example, the relative abundance of taxa from the
Tenericutes and Candidatus Melainabacteria phyla was decreased in FC but increased in

IBS-C compared to controls (Appendix Table E, F).

Many potential pathobionts (e.g., Desulphovibrio genus, Enterobacter genus, Klebsiella
pneumoniae, E. coli, Salmonella enterica and Shigella sonnei) were over-represented in
FC but not in IBS-C, compared to controls (Table 2.3; Figure 2.8 A; Appendix Table E,
F).

The relative abundances of lactic acid bacteria from the Lactobacillaceae and
Bifidobacteriaceae families, including the Lactobacillus genus, and the Bifidobacterium
spp. (B. adolescentis and B. longum), were increased in FC but decreased in IBS-C
compared to controls (Table 2.6; Figure 2.8 A; Appendix Table E, F). The increased
abundance of the Enterococcaceae family and the Enterococcus genus was specific to FC

(Table 2.3; Figure 2.8 A; Appendix Table E, F).
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The relative abundance of the species F. prausnitzii was lower in FC than in IBS-C or
controls (Appendix Table E, F). The relative abundance of obligate fermenters from the
Bacteroidia class (including the genera Bacteroides and Parabacteroides), the families
Tannerellaceae and Prevotellaceae (including the genera Prevotella and Paraprevotella),
and the family Rikenellaceae (including the genus Alistipes) were decreased in FC but

increased in IBS-C compared to controls (Appendix Table E, F).

The most relevant taxa whose relative abundances were commonly and exclusively
different among FGIDs when each subtype was compared to controls are shown in Figure

2.8 C.
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Table 2. 6: Relative abundance of lactic acid bacteria across FGIDs at the family, genus and species level compared to controls.

Odds ratios (OR) were used to rank the relative enrichment or underrepresentation of microbial taxa, where OR <1 indicated enrichment in the FGID group, and OR >1

indicated underrepresentation in the FGID group.

IBS-C+FC IBS-D+FD IBS-C FC IBS-D FD
Family OR FDR OR FDR OR FDR OR FDR OR FDR OR FDR
Enterococcaceae 0.01 0 0.04 <0.0001 - - 0.01 0 - - - -
Bifidobacteriaceae 0.85 <0.0001 1.16 <0.0001 1.31 <0.0001 | 0.68 0 1.03 <0.0001 1.75 0
Lactobacillaceae 0.73 <0.0001 | 3.59 0 2.11 <0.0001 | 0.49 <0.0001 | - - 4.7 <0.0001
Streptococcaceae - - 0.8 <0.0001 0.7 <0.0001 0.55 0 0.7 <0.0001 - -
Genus
Enterococcus 0.01 0 0.04 <0.0001 - - 0.01 0 0.03 <0.0001 | - -
Bifidobacterium 0.80 <0.0001 1.13 <0.0001 0.3 <0.0001 | 0.62 <0.0001 1.02 <0.001 1.67 0
Lactobacillus 0.71 <0.0001 | 3.42 <0.0001 2.13 <0.0001 | 0.48 <0.0001 | 3.19 <0.0001 | 4.45 <0.0001
Streptococcus 0.6 <0.0001 | 0.7 <0.0001 0.7 <0.0001 | 0.5 <0.0001 | 0.7 <0.0001 | - -
Species
Enterococcus faecalis | 0 0 - - - - 0 <0.0001 | - - - -
B. adolescentis 0.74 <0.0001 1.22 <0.0001 1.19 <0.0001 | 0.58 <0.0001 1.10 <0.001 1.88 <0.0001
B. longum 0.84 <0.0001 1.05 <0.05 1.26 <0.0001 | 0.68 <0.0001 | - - 1.4 <0.0001
B. animalis 0.45 <0.0001 | 0.6 <0.0001 0.47 <0.0001 | 0.44 <0.0001 | - - 0.23 <0.0001
B. bifidum - - 1.52 <0.0001 - - 0.54 <0.0001 1.17 <0.05 - -
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Figure 2. 8: Venn diagram.

Venn diagram shows microbes whose relative abundance was commonly and exclusively different in
constipation predominant subtypes (IBS-C+FC) compared to controls (A), diarrhoea predominant subtypes
(IBS-D+FD) (B), or among all the FGID subtypes (C), compared to controls. SCFAs: short-chain fatty
acids. The arrows indicate increased (1) or decreased (|) relative abundance in comparison to controls with

a false discovery rate (FDR) < 0.05.
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2.5.3 Functional analysis of the faecal microbiota

The PLS-DA plots of the relative abundance of genes assigned to predicted functions
from the faecal microbiota show a separation between FGID groups and controls
(R2=0.017; p= 0.008) (Figure 2.9 A) but not between IBS subtypes and controls
(R2=0.015; p= 0.38) (Figure 2.9 B). In addition, negative binomial generalised linear
models with a quasi-likelihood test and pairwise statistical test were performed to detect
the relative enrichment or underrepresentation of genes or groups of genes annotated to

functional categories in diarrhoea- or constipation predominant FGIDs (IBS-D+FD or

IBS-C+FC), and IBS (IBS-D or IBS-C), compared to controls and each other. Only
significant results with FDR< 0.05 are presented below.
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Figure 2. 9: PLS-DA score plots of the gene abundances of the faecal microbiota (A) of subjects with

constipation (FC+IBS-C), diarrhoea (FD+IBS-D) and controls, and (B) subjects with IBS-C, IBS-D,
and controls.

PLS-DA was used to identify predicted functional differences in the microbial community between groups
at the enzyme level (KEGG level 4) in FGIDs and IBS. Each point represents a sample, and points with the

same colour belong to the same group. Analysis of differences among similarities (ADONIS) was used to

evaluate differences between groups. For IBS-D+FD and IBS-C+FC: R2=0.017; p= 0.008. For IBS-D and

IBS-C: R2=0.015; p= 0.38). R2: proportion of variance (range 0 to 1). It indicates the amount of variability
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in the data, where 0= grouping variables explain none of the variance in the data, and 1= grouping variables

explain all the variance in the data.
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2.5.3.1 Diarrhoea predominant functional gastrointestinal disorders

The abundances of genes annotated using SEED and KEGG functional categories
differed between diarrhoea predominant FGIDs (IBS-D+FD) and controls (Appendix
Table G), and between IBS-D or FD and controls (Appendix Tables H, I).

2.5.3.1.1 Carbohydrate and protein metabolism

When diarrhoea predominant FGIDs (IBS-D+FD) were analysed as a group and
compared to controls, a higher relative abundance of genes related to the metabolism of
2-ketogluconate (SEED, logFC= 0.96; logCPM=1.45; FDR< 0.05) characterised subjects
with diarrhoea predominant FGIDs (Appendix Table G). The relative abundance of genes
related to galactose metabolism was higher in diarrhoea predominant FGIDs than in
controls. These genes include the B-galactosidase 3 enzyme (SEED, logFC= 0.96;
logCPM=3.7; FDR< 0.0001), which catalyses the first step of lactose fermentation in the
colon, the galactose-6-phosphate isomerase, LacB subunit (SEED, logFC= 0.81;
logCPM=2; FDR< 0.05) and the tagatose-1-phosphate kinase TagK (SEED, logFC= 0.90;
logCPM=3.6; FDR< 0.05) (Appendix Table G).

When the subtypes were individually compared to controls, the relative abundance of
genes related to the metabolism of 2-ketogluconate (SEED, logFC= 1.20; logCPM=1.34;
FDR< 0.01) was detected in IBS-D subjects, but not in FD subjects, compared to controls
(Appendix Tables H, I).

Concerning protein metabolism, the KEGG analysis showed the relative abundance of
genes related to tyrosine metabolism (KEGG, logFC=0.70; logCPM=4.6; FDR< 0.05)
was higher in IBS-D subjects, but not in FD subjects, compared to controls (Appendix
Tables H, I).

2.5.3.1.2 Energy metabolism, cofactors acquisition and utilisation

An increased relative abundance of genes related to nitrogen fixation (SEED, logFC=
0.51; logCPM=3.07; FDR< 0.05) was observed in IBS-D subjects but not in FD subjects,
compared to controls (Appendix Tables H, I). The relative abundance of genes associated

with cobalt-specific energy-coupling factor transporters, particularly three out of four
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genes belonging to the vitamin Bi2 biosynthetic operon chiMNQO, was higher in IBS-D
subjects, but not in FD subjects, compared to controls (Appendix Tables H, I). The cobalt-
specific transport system includes the transmembrane unit chiM (SEED, logFC=0.51;
logCPM=3.4; FDR< 0.05), the T unit cbiQ (SEED, logFC=0.56; logCPM=3; FDR< 0.05)
and the ABC ATPase cbhiO (SEED, logFC=0.45; 1ogCPM=3.9; FDR< 0.05).

Genes involved in salmochelin-mediated iron acquisition (SEED, logFC=-3.66;
logCPM=2.6; FDR< 0.01) had a lower relative abundance in IBS-D subjects, but not in
FD subjects, compared to controls (Appendix Tables H, I). These genes include the IroD
trilactone hydrolase (SEED, logFC=-3.81; logCPM=1.45; FDR< 0.01), the IroB
glycosyltransferase (SEED, logFC=-3.60; logCPM=1.56; FDR< 0.01) and the ATP-
binding cassette responsible for the export of salmochelin/enterobactin IroC (KEGG,
logFC=-4.43; logCPM=3; FDR< 0.001).

2.5.3.1.3 Transposable elements and antimicrobial resistance

When diarrhoea predominant FGIDs (IBS-D+FD) were analysed as a group and
compared to controls, the relative gene abundance of proteins related to the transfer of
the incompatibility plasmid F (IncF) was lower in diarrhoea predominant FGIDs
compared to controls (Table 2.7). When the subtypes were individually compared to
controls, a lower relative abundance of genes associated with the type IV secretion
(SEED, logFC=-1.86; logCPM=5.54; FDR< 0.05) (Appendix Table H), including
proteins related to the conjugative transfer of the IncF plasmid was observed in IBS-D

subjects, but not in FD subjects, compared to controls (Table 2.7).

The relative abundances of genes related to microbial antibiotic resistance and copper
homeostasis were higher in IBS-D subjects, but not in FD subjects, compared to controls

(Table 2.7).
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Table 2. 7: Relative abundance of microbial genes associated with plasmid transfer, stress resistance
and copper homeostasis in IBS-D and FD, compared to controls.

The analysis was conducted using the SEED database at level 3 and the KEGG database at level 4 (enzymes
and proteins). Differentially abundant functional categories between groups were identified using a
pairwise statistical analysis with a quasi-likelihood test. A positive logFC indicates higher abundance in the

FGID/IBS group, regardless of subtypes, and a negative logFC indicates higher abundance in the control
group.

Functional category IBS-D+FD vs. controls IBS-D vs. controls
IncF plasmid conjugative transfer pilus | logFC FDR logFC FDR
assembly protein

TraC -2.37 <0.01 -2.71 <0.05
TraH - - -3.08 <0.01
TraU - - -2.26 <0.05
IncF plasmid conjugative transfer protein

TraG -2.18 <0.05 -2.98 <0.01
Tral - - -2.54 <0.05
TraN -1.70 <0.05 -2.40 <0.05
Resistance to antibiotics

Bacitracin stress response 0.48 <0.05 - -
Hygromycin-B 4-O-kinase 2.46 <0.001 2.67 <0.001
Copper sensing and homeostasis

Heavy metal sensor histidine kinase - - 0.90 <0.05
Multicopper oxidase 1.16 <0.05 2.17 <0.0001
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2.5.3.2 Constipation predominant functional gastrointestinal disorders

The relative abundances of genes annotated using SEED and KEGG functional categories
differed between constipation predominant FGIDs (IBS-C+FC) and controls (Appendix
Table L), and between IBS-C or FC and controls (Appendix Tables M, N).

2.5.3.2.1 Metabolism of tyrosine, aromatic compounds, and carbohydrates

When constipation predominant FGIDs were analysed as a group and compared to
controls, the relative abundance of genes involved in tyrosine metabolism and the 4-
hydroxyphenylacetic acid catabolic pathway was higher in constipation predominant
FGIDs (Table 2.8, Appendix Table L). However, when the subtypes were individually
compared to controls, these differences were attributable to significant changes in FC

rather than in IBS-C (Table 2.8, Appendix Table L, M, N).

The relative abundance of genes related to the metabolism of tyrosine, and the catabolism
of aromatic amines and aromatic amino acid (tyrosine and phenylalanine) degradation
products, including 4-hydroxyphenylacetic acid and phenylacetyl-CoA, was higher in FC,
but not in IBS-C, compared to controls (Table 2.8, Appendix Tables N, M).

Similarly, an increased relative abundance of genes related to the utilisation of 2-
ketogluconate (SEED, logFC= 1.24; logCPM=1.3; FDR< 0.01) was observed in FC but
not in IBS-C or controls (Appendix Tables M, N).

Table 2. 8: Relative abundance of genes involved in tyrosine and aromatic compounds metabolism in
FC and IBS-C, compared to controls. The analysis was conducted using the SEED database at level 2
and the KEGG database at level 3 (pathways). Differentially abundant functional categories between groups
were identified by performing a pairwise statistical analysis with a quasi-likelihood test. A positive logFC
indicates higher abundance in the FGID/IBS group, regardless of subtypes, and a negative logFC indicates

higher abundance in the control group.

IBS-C+FC vs. controls FC vs. controls
Functional category logFC FDR logFC FDR
Tyrosine metabolism 0.27 <0.05 0.97 <0.01
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4-hydroxyphenylacetic acid catabolic | 1.19 <0.01 1.19 <0.01
pathway
Phenylacetyl-CoA catabolic pathway - - 1.94 <0.05
o Phenylacetate-coenzyme Al - - 1.66 <0.05
ligase (PaaF) - - 2.22 <0.05
o Ring-opening aldehyde
dehydrogenase (PaaN)
Aromatic amin catabolism - - 2.0 <0.05
o Primary-amine oxidase - - 2.30 <0.05
o Monoamine oxidase - - 2.32 <0.05
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2.5.3.2.2 Micronutrient metabolism and transport

Genes related to the metabolism and transport of micronutrients (copper and iron)
discriminated subjects with constipation predominant FGIDs from controls (Table 2.9,
Appendix Tables L, M). Genes related to copper homeostasis, copper sensitivity, and
efflux were over-represented in FC but not in IBS-C compared to controls (Table 2.9).
Genes related to the siderophore yersiniabactin synthesis were over-represented in FC
compared to controls. In contrast, genes related to the siderophore
salmochelin/enterobactin export were underrepresented in IBS-C and FC subtypes

compared to controls (Table 2.9).

Table 2. 9: Relative abundance of genes involved in micronutrient metabolism in FC and IBS-C,
compared to controls. The analysis was conducted using the SEED database at Levels 2 (pathway) or 3
(enzymes) and the KEGG database at Levels 3 (pathway) or 4 (enzymes). Differentially abundant
functional categories between groups were identified by performing a pairwise statistical analysis with a
quasi-likelihood test. A positive logFC indicates higher abundance in the FGID/IBS group, regardless of

subtypes, and a negative logFC indicates higher abundance in the control group.

Iron metabolism FC vs. control IBS-C vs. | IBS-C+FC  vs.
control control
Type of | Protein logF | FDR logF | FDR logF | FDR
siderophore C C C
Yersiniabactin | KO4786  Yersiniabactin | - - - - 1.83 <0.001
(chelators) synthase
K04785 Yersiniabactin | 2.96 <0.0001 | - - - -
synthetase
Salmochelin/ | ATP-binding cassette | -3.28 | <0.05 -6.69 | <0.01 | -2.53 | <0.001
enterobactin salmochelin/enterobactin
(exporters) exporter
Copper metabolism
Multicopper oxidase 230 | <0.0001 | 1.71 <0.05 1.61 <0.0001
Copper homeostasis 0.86 <0.05 - - - -
Copper sensor kinase CusS 0.95 <0.01 - - - -
P-type copper transporter 0.35 <0.05 - - - -
Micronutrient transport
Energy-coupling factor transporters 0.38 <0.05 - - | 0.31 | <0.05
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2.5.3.2.3 Secretion system and transposable elements

An increased relative gene abundance of the type IV secretion system of the
incompatibility group I1 plasmids (Incll) was observed in subjects with constipation
predominant FGIDs compared to controls (SEED, logFC=2.36; logCPM=3.4; FDR=
0.0028) (Appendix Table L). However, when the subtypes IBS-C and FC were
individually compared to controls, differences related to the type IV secretion system of
Incl1 plasmids were attributable to significant changes in FC rather than in IBS-C (SEED,
logFC=2.86; logCPM=3.6; FDR< 0.001) (Appendix Table M-N).

The relative gene abundance of components of type II, IV and VI of the bacterial secretion
systems was also higher in subjects with FC, but not in subjects with IBS-C, compared to
controls (Table 2.10). Conversely, a decreased relative gene abundance of the type IV
secretion (SEED, logFC=-2.83; logCPM=5.5; FDR< 0.05), including conjugative
proteins involved in the transfer of the IncF plasmid, was observed in IBS-C but not in

FC, compared to controls (Table 2.10).

2.5.3.2.4 Virulence and social behaviour

The relative abundance of genes related to bacterial virulence factors discriminated FC
but not IBS-C from controls. These include a higher relative gene abundance of the outer-
membrane pili, a-fimbriae (SEED, logFC=2.50; logCPM=2.3; FDR< 0.05), including the
a-fimbriae usher protein (SEED, logFC=2.47; logCPM=1.5; FDR< 0.05). The relative
gene abundance of the transcriptional regulator for hemolysin was also higher than
controls in subjects with FC but not in subjects with IBS-C (KEGG, logFC=0.99;
logCPM=2.1; FDR< 0.05) (Appendix Tables N, M).

Other virulence factors whose relative gene abundances were higher in FC but not IBS-
C compared to controls were proteins related to biofilm remodelling and quorum sensing,
including autoinducers and other chemical signals (Table 2.10). A lower relative gene
abundance of proteins inhibiting peptidoglycan hydrolysis, such as the interacting
proteins LrgA (SEED, logFC=-0.18; logCPM=6.1; FDR< 0.05) and LrgB (SEED,
logFC=-0.22; logCPM=7.3; FDR< 0.01), along with proteins involved in peptidoglycan
biosynthesis, such as the penicillin-binding proteins (KEGG, logFC=-0.13; logCPM=9.1;

98


https://en.wikipedia.org/wiki/Bacterial_outer_membrane
https://en.wikipedia.org/wiki/Bacterial_outer_membrane

FDR< 0.05), suggests augmented peptidoglycan hydrolysis rather than synthesis in FC
but not in IBS-C, compared to controls (Appendix Tables N, M).

The relative gene abundance of the enzyme ethanolamine ammonia-lyase (SEED,
logkFC=1.49; logCPM=1.2; FDR= 0.0011), involved in bacterial anaerobic respiration,
was increased in subjects with constipation predominant FGIDs (IBS-C+ FC) compared

to controls (Appendix Table L).
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Table 2. 10: The relative abundance of genes associated with microbial secretion systems, virulence,

and social behaviours in FC and IBS-C, compared to controls.

Social behaviour refers to the ways bacteria interact and communicate in the context of a community, as

opposed to behaving as individual cells. Predicted genes were detected using the SEED database at level 3

and the KEGG database at level 4 (enzymes and proteins). Differentially abundant functional categories

between groups were identified by performing a pairwise statistical analysis with a quasi-likelihood test. A

positive logFC indicates higher abundance in the FGID/IBS group, regardless of subtypes, and a negative

logFC indicates higher abundance in the control group.

FC vs. control

IBS-C vs. control

Protein Function logFC | FDR logFC | FDR
Type II | cpaC Outer membrane channel | 1.93 <0.05 - -
secretion for pilus assembly
system cpaE Pilus assembly protein 1.77 <0.05 - -
Type I | Protein U Inner membrane protein 1.31 <0.05
secretion
system
Type IV | VirB4 ATPase 2.53 <0.0001 | - -
secretion VirB11 ATPase 2.17 <0.01 - -
system
Type VI | VerG Tip spike-like protein 1.40 <0.05 - -
secretion
system
IncF plasmid | TraC Pilus assembly protein - - -4.16 | <0.05
transfer Tral DNA-nicking protein - - -423 | <0.05

TraP Inner membrane protein | - - -3.98 | <0.05
Intracellular | IcmB 1.78 <0.01 - -
multiplication
protein
Social Antigen 43 Biofilm formation 2.54 <0.01 - -
behaviour Pga A 228 | <0.05 - -

Pga B 1.63 <0.05 - -

Lsr  operon | Biofilm formation and | 1.84 <0.05 - -

transcriptional | quorum sensing

repressor

(LsrR)

Autoinducer- | Quorum sensing 0.76 <0.05 - -

2 kinase

Autoinducer- 0.92 <0.05 - -

2 permease

protein
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2.6 Discussion

Chapter 2 reported the taxonomic composition and predicted functional genes of the
faecal microbiota of subjects with FGIDs and healthy subjects recruited in the
COMFORT cohort. The findings confirmed the hypothesis that the faecal microbiota of
subjects with FGIDs could be discriminated according to differences in microbial
composition from controls and among FGID subtypes. The most significant signature
related to FGIDs (compared to controls) was characterised by an increased relative
abundance of members of the Firmicutes and Proteobacteria phyla, and members of the
Negativicutes class, along with a decreased relative abundance of members of the
Bacteroidetes phylum. Differences in the relative abundance of genera involved in
colonic hydrogen metabolism, including Bilophila, Desulphovibrio, Blautia and
Methanobrevibacter, were also observed across FGID subtypes compared to controls.
Along with these taxonomic differences, relative abundances of some genes involved in
antibiotic resistance, stress response and type IV secretion system also differed across

FGID subtypes compared to controls.

2.6.1 Microbial hydrogen metabolism in constipation and diarrhoea

The findings here show that the major hydrogen-consuming organisms in the human
colon, which use hydrogen to reduce carbon dioxide to methane (Methanobacteriaceae
family) or sulphur to hydrogen sulphide (Desulphovibrio, Bilophila Streptococcus,
Enterobacter, and Salmonella genera) [432, 433] differentiated constipation and

diarrhoea phenotypes.

Increased relative abundance of taxa from the Methanobacteriaceae family, and taxa
involved in hydrogen sulphide production (Desulphovibrio, Bilophila Streptococcus,
Enterobacter, and Salmonella genera) were found in subjects with constipation,
compared to controls. The increased abundance of taxa from the Methanobacteriaceae
family could reflect their “slow-growing” nature, resistance to the lack of water in firmer
faeces, and advantages in conditions of slowed colonic transit [87]. Similarly, consequent

changes in composition could result from resistance to water stress of other species.

Other studies reported an increased relative abundance of the Methanobrevibacter genus

in IBS-C [83] and FC [434] and a link between higher exhaled methane levels, slower

101



motility and faecal firmness [67, 81-84, 435]. Moreover, hydrogen removal through

methane production alters colonic fermentation and likely peristalsis [82].

Conversely, in subjects with diarrhoea, an increased relative abundance of taxa from the
Desulphovibrionaceae family and Blautia genus and a decreased abundance of taxa from
the Methanobacteriaceae family were observed. This result suggests competition
between them for hydrogen disposal [436] or the fitness of a family that prefers a colonic

environment characterised by slow transit [87].

The amount of hydrogen in the colon can be influenced by changes in the composition of
the microbiota and differences in the hydrogen disposal pathways, such as acetogenesis,
methanogenesis or sulphate reduction [88, 437]. Decreased faecal levels of methanogens
have been linked to excess abdominal gas in IBS patients, suggesting they may lack
normal hydrogen removal function [70, 71]. In addition, common symptoms of IBS
(bloating and abdominal pain) have been associated with hydrogen accumulation in the
colon [89]. Hydrogen sulphide produced by sulphur-reducing bacteria was also reported

to play a role in abdominal pain and motility disorders with dysbiosis [90].

2.6.2 Microbial fermentation in constipation and diarrhoea

The relative abundance of butyrate-producing bacteria from the Clostridia class,
including F. prausnitzii, was lower in subjects with constipation predominant FGIDs
compared to controls. Previous research showed a lower abundance of obligate anaerobes
from the Lachnospiraceae family (Clostridia class) in IBS-C [73, 438], confirming the
results from the current study. Conversely, many butyrate producers from the Clostridia
class and the Lachnospiraceae family showed a higher relative abundance in subjects
with diarrhoea predominant FGIDs compared to controls. In this regard, a lower or higher
faecal butyrate concentration was reported in subjects with IBS-C and IBS-D,

respectively [439].

Butyrate producers (e.g., Faecalibacterium, Roseburia, and Coprococcus genera) have
been positively associated with fast colonic transit [88], presumably because of the ability
of butyrate to induce serotonin release and stimulate the cholinergic pathways [440, 441].
A lower relative abundance of butyrate-producing bacteria from the Clostridia class

(including F. prausnitzii), along with a higher abundance of the Enterococcus and
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Staphylococcus genera were detected during chronic inflammation [442, 443].
Interestingly, the relative abundance of Enterococcus and Staphylococcus was also higher
in subjects with constipation predominant FGIDs or FC from the current study compared
to controls. This result suggests that the Clostridia class could help maintain immune
homeostasis in the colon, exerting anti-inflammatory effects through butyrate and

promoting regulatory T cell accumulation [444].

The relative abundance of succinate-producing bacteria from the genus Veillonella was
lower in IBS-C, while it was increased in other FGID subtypes. This finding contrasts
with studies reporting a higher abundance of this genus in IBS-C [73, 445]. Despite this,
the ratio of succinate producers to consumers was higher in all FGID groups compared to

controls.

Studies report that increased levels of succinate in faecal samples were associated with a
higher relative abundance of succinate-producing taxa from the Prevotellaceae and
Veillonellaceae families, and a lower relative abundance of succinate-consuming taxa
from the Odoribacteraceae and Clostridaceae families [446]. High colonic levels of
succinate have been associated with the metabolic regulation of immune cells,
inflammation and dysbiosis [446-448]. Ferreyra et al. showed that succinate enhanced C.
difficile expansion in mice after antibiotic treatment, and that loss of succinate pathways
conferred a competitive disadvantage to C. difficile [449]. It is also worth noting that the
co-culture of E. coli with E. faecalis, another succinate-producer, increased E. coli
virulence gene expression [450]. Therefore, an unbalanced ratio between succinate-
producing and succinate-consuming taxa may affect commensal-pathogen interactions in

constipation and diarrhoea.

An increased relative abundance of genes related to utilising 2-ketogluconate was
observed in subjects with FC and IBS-D but not in subjects with IBS-C or FD. The
organic acid 2-ketogluconate derives from the ketogluconate metabolism, a precursor
step to the Entner-Doudoroff pathway, which is an alternative pathway to glycolysis
[451].

Due to the low energy yield of the Entner—Doudoroff pathway, bacteria that use this
pathway for glucose metabolism are mostly gram-negative aerobes and facultative
anaerobes, with the ability to use other non-glycolytic pathways requiring less energy

input for creating ATP. In contrast, obligate anaerobes mainly use glycolysis [452]. The
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increased gene abundance of 2-ketogluconate may thus reflect the observed increased
relative abundance of facultative anaerobes in FC (members of the Enterobacteriaceae
family) and IBS-D (Proteobacteria phylum, Enterobacter genus, Klebsiella genus and
Haemophilus spp.).

Therefore, the increased relative abundance of genes related to utilising 2- ketogluconate
may result from a dysbiotic environment in subjects with FC and IBS-D, where bacteria
require alternative metabolic pathways to gain advantage and derive energy from diverse

nutrient sources.

2.6.3 Microbial protein metabolism in constipation and diarrhoea

The relative abundance of genes related to tyrosine metabolism was increased in FC and
IBS-D, but not in IBS-C or FD, compared to controls. In addition, an increased relative
gene abundance of the catabolism of aromatic amines and aromatic amino acid
degradation products, including 4-hydroxyphenylacetic acid and phenylacetyl-CoA,
discriminated subjects with constipation predominant FGIDs from controls and subjects

with FC from subjects with IBS-C or controls.

Phenylacetic acid and 4-hydroxyphenylacetic acid are the end-products of phenylalanine
and tyrosine oxidative metabolism by colonic bacteria, and 4-hydroxyphenylacetic acid
is also the direct precursor of p-cresol [453]. The production of cresols from tyrosine has
been attributed to various anaerobic taxa, including species from the Enterobacteriaceae,
Bifidobacteriaceae, and Lactobacillaceae families [454]. The relative abundance of
members of these families was also increased in FC subjects compared to controls,
suggesting a potential increase in cresols and other bioactive substances, such as phenolic
compounds, in these subjects. The longer transit time in FC would enhance the colonic
absorption of these aromatic amino acid-derived metabolites, which could act as
signalling molecules at local and systemic levels [455]. High concentrations of p-cresol
were associated with cytotoxicity, oxidative stress, and DNA damage to colonocytes
[456]. Moreover, aromatic amino acid biosynthesis pathways were shown to be the main

metabolic pathways induced in stress-induced IBS rats [457].

These findings suggest a potential role for aromatic amino acid-derived metabolites in the

gut-brain axis interactions underlying the pathophysiology of FGIDs, particularly FC.
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2.6.4 Constipation predominant FGIDs

2.6.4.1 Bacteroidia and Proteobacteria classes

The most robust bacterial pattern in subjects with constipation was a reduction of strictly
anaerobic members of the Clostridia and Bacteroidia classes, including the genus
Bacteroides, and an expansion of facultative anaerobic taxa from the Enterobacteriaceae
family and Proteobacteria phylum (6 and y class). The Enterobacteriaceae family
represents approximately 0.1% of the colonic microbiota in healthy subjects [458], but
their prevalence increased in disease states [459-462]. This family encompasses many
gram-negative pathogenic species potentially involved in inflammation and associated
with FGIDs. The ability of pathogenic species to thrive in the colonic environment is high
when the bacterial community is unstable due to increased levels of taxa from the

Proteobacteria phylum [463].

Many pathobionts from the Gammaproteobacteria class (Enterobacter genus, Klebsiella
pneumoniae, E. coli, S. enterica and S. sonnei) were over-represented when constipation
predominant FGIDs were analysed as a single group. However, when FC and IBS-C were
individually compared to controls, their differences were attributable to changes in FC

rather than in IBS-C.

Increased taxa from the Proteobacteria phylum, particularly facultative anaerobic from
the Enterobacteriaceae family, are thought to be implicated in the pathophysiology of
many colonic conditions [459-462], including pathogen-induced colonic inflammation in
mice [464-469], Crohn's disease [470-472], necrotising enterocolitis in preterm infants
[473], IBS-C [79, 92] and IBS-D [77, 474]. In addition, the abundance of E. coli has been
positively correlated with IBS-like symptoms [66] and bacterial overgrowth [475].
Antibiotics targeting E. coli, such as rifaximin, reduced these symptoms, supporting a

potential role of E. coli in FGID [476].

The compositional changes in the faecal microbiota of subjects with constipation agree
with a dysbiotic environment characterised by a reduction of strictly anaerobic members
of the Bacteroidia and Clostridia classes that dominate a healthy colonic microbiota [477]
and a concomitant outgrowth of facultative anaerobic bacteria [464-466] belonging to the

Gammaproteobacteria and Bacilli classes [464, 478]. Laxatives have been shown to
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normalise these dysbiotic changes, suggesting they might be secondary to constipation

rather than a cause [417].

2.6.4.2 Microbial anaerobic respiration genes

An increased relative abundance of taxa and genes involved in anaerobic respiration and
a decreased relative abundance of obligate fermenters from the Clostridia and Bacteroidia
classes, characterised the subjects with constipation predominant FGIDs (IBS-C+ FC)

compared to controls.

These include facultative anaerobes and opportunistic bacteria from the
Enterobacteriaceae tamily (Escherichia spp. and Salmonella spp.) and microbial genes
encoding the enzyme ethanolamine ammonia-lyase. This enzyme catalyses the first step
in ethanolamine utilisation [479], a compound that gram-negative bacteria and facultative
anaerobes can be used as a sole source of carbon and/or nitrogen [480]. As an alternative
nitrogen source, the ability to use ethanolamine would confer a competitive advantage to
these bacteria, and has been described as a virulence factor during host-pathogen

interactions [479].

In addition, the breakdown of ethanolamine could contribute to immune modulation and
evasion via the production of acetate, as it interacts with a G-protein coupled receptor 43,

affecting innate immunity [481].

It is possible that in the dysbiotic colonic environment of subjects with constipation
predominant FGIDs, especially FC, facultative anaerobes and opportunistic bacteria
could gain a growth advantage because of their ability to use ethanolamine as a sole
carbon source, outcompeting anaerobic fermenters (Clostridia and Bacteroidia classes)
[482, 483]. This ability would reduce competition for nutritional resources in an
environment deprived of nutrients with fermentative properties, such as in IBS, where the
intake of foods with highly fermentable substrates is often restricted to manage GI

symptoms.
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2.6.4.3 Microbial virulence genes

Taxa from the Enterobacteriaceae family can express virulence factors responsible for
invasion, colonisation, and persistence in the colon. These factors include adhesins,
hemolysins, plasmids, biofilm formation and secretion systems, transporting proteins,

plasmids and toxins across the bacterial membranes [484-486].

Along with an expansion of taxa from the Enterobacteriaceae family, subjects with
constipation had higher abundance of genes related to virulence factors. These include
bacterial a-fimbriae, type IV pilus assembly proteins and genes related to the type IV
secretion system for bacterial intracellular multiplication, biofilm formation and the
conjugative transfer of Incll plasmid type. However, when FC and IBS-C were
individually compared to controls, their relative abundances were increased in FC, but

not in IBS-C.

Virulence genes (adhesins, toxins, iron acquisition, antimicrobial resistance and secretion
systems [487]) from 89 different E. coli were reported in IBS subjects with mixed
phenotypes. The most prevalent virulence genes detected in E. coli encode type II, IV and
VI secretion system proteins, long polar fimbriae and iron acquisition [488]. In addition,
several genes encoding for antibiotic resistance were reported in IBS subjects with

unspecified subtype [489].

A higher relative gene abundance of the interacting proteins LrgA and LrgB, which
inhibit peptidoglycan hydrolysis by murein hydrolases, and a lower relative gene
abundance of penicillin-binding proteins, involved in peptidoglycan biosynthesis, were
also detected in FC but not IBS-C in comparison to controls. The higher relative gene
abundance of trans-envelope complexes such as pili, fimbriae, and secretion systems in
subjects with FC, suggests that this augmented peptidoglycan hydrolysis may be due to

peptidoglycan remodelling for the insertion of trans-envelope complexes.

Notably, a higher relative gene abundance of proteins linked to the expression of
autoinducers was observed in FC compared to controls. Autoinducers are chemical
signals produced during quorum sensing, a type of cell-to-cell communication that the
bacteria use to exchange information and increase their fitness in adaptation to changes
in the environment. Several physical-chemical environmental parameters and quorum
sensing regulate the expression of virulence factors and secretion systems [490-492].

Therefore, it is plausible that the increased relative abundance of genes associated with
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virulence factors and secretion systems, especially in FC, could be due to quorum sensing

through an increased expression of autoinducers.

2.6.4.4 Microbial micronutrient metabolism genes

In the current study, the relative abundance of different siderophores (high-affinity ferric
iron chelators transporting iron across cell membranes) differed in constipation
predominant FGIDs compared to controls. In particular, the relative abundance of genes
involved in the synthesis of the siderophore yersiniabactin increased, while those
involved in the export of the siderophore salmochelin/enterobactin were lower. However,
when the subtypes IBS-C and FC were individually compared to controls, these

differences were attributable to changes in FC rather than in IBS-C.

These results were supported by a higher relative abundance of taxa from the Bacilli class,
E. coli, and Klebsiella genus in subjects with FC, as yersiniabactin biosynthetic clusters

are found in many pathogenic enteric Gram-negative bacteria [493, 494].

During colonic inflammation, the host’s innate defence secretes lipocalin-2, which binds
and sequesters the iron-scavenging siderophore enterobactin, preventing bacterial iron
acquisition to limit bacterial growth [495, 496]. Some pathogens avoid lipocalin-2
binding by making alternative siderophores, such as yersiniabactin. Unlike enterobactin,
yersiniabactin is not sequestered by the human host [497], allowing pathogens to
scavenge ferric iron and evade the host metal-withholding response [498]. Therefore, the
ability to produce yersiniabactin and its association with virulence would give a selective

advantage to enteric pathogens [499].

Siderophores can also sequester extracellular copper as a protective mechanism [500], as
the antimicrobial properties of copper are exploited by the human host to kill bacteria
[501]. A higher relative abundance of genes involved in copper sensitivity, efflux and
detox, such as the multicopper oxidase enzyme, was observed in FC but not in IBS-C.
The enzyme multicopper oxidase can oxidise enterobactin in the presence of copper,
preventing the generation of toxic ions at the expense of the iron scavenging activity of
the siderophore [500]. This observation suggests a decreased export and scavenging
activity of enterobactin in subjects with FC, resulting from the oxidation of the

siderophore by the multicopper oxidase when the concentration of intracellular copper is
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high. In addition, the decreased relative abundance of genes related to
enterobactin/salmochelin-mediated iron acquisition and the concomitant ability to
express lipocalin-resistant siderophores observed in subjects with FC may enhance the
competitive advantage of resident and pathogenic taxa from the Enterobacteriaceae

family and production of energetically costly virulence factors.

2.6.5 Diarrhoea predominant FGIDs

2.6.5.1 Proteobacteria and Clostridia classes, pathobionts and lactic acid bacteria

The microbial signature specific to diarrhoea predominant FGIDs, compared to controls,
included a higher relative abundance of facultative anaerobic taxa from the a-, - and 6-
Proteobacteria classes, along with a higher abundance of strictly anaerobic members of
the Clostridia class (Clostridium spp.). A lower relative abundance of protective species
from the Bifidobacterium genus, Bacilli and Bacteroidia classes (Bifidobacterium spp.,

Lactobacillus spp., and Bacteroides fragilis) was also detected.

These findings agree with the association of a Clostridia-rich microbiota with excessive
bile acid excretion in subjects with IBS-D reported in a previous study [502] and the
COMFORT study [503]. Among the Clostridia class, the increased relative abundance of
C. difficile in diarrhoea agrees with other studies in subjects with PI-IBS [46, 504], in
subjects with IBS (undefined phenotype) without risk factors [505], and in subjects with
diarrhoea co-infected with a pathogen [506]. Thus, disturbances caused by diarrhoeal
events may increase the susceptibility to C. difficile colonisation and exacerbate

symptoms in IBS-D [506, 505], depending on strain toxigenicity.

A higher relative abundance of pathobionts discriminated FD from IBS-D. The genus
Haemophilus (commensal and pathogenic species) was exclusively detected in FD, while
increased counts of Enterobacter and Klebsiella genera were exclusively detected in IBS-
D. In diarrhoea, higher pathogenic (Clostridia class: C. difficile and other pathobionts)
and lower protective species (Bacilli and Bacteroidia classes: Bifidobacterium spp.,
Lactobacillus spp., Clostridium spp., and B. fragilis) abundances may create a

“pathogenic community”, inducing or worsening symptoms.
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2.6.5.2 Microbial lactose fermentation

Consistent with published studies [237, 507, 508], the relative abundance of lactose and
galactose degradation genes was higher in subjects with diarrhoea. This result includes a
higher relative gene abundance of the -galactosidase 3 enzyme, which catalyses the first
step of lactose fermentation in the colon. Lactose intolerance has been associated with
IBS-D [509]. The malabsorption of lactose in the small intestine leads to the fermentation
of undigested lactose by the colonic microbiota, increasing the osmotic trapping of water
and the production of SCFAs, hydrogen, carbon dioxide and methane. The imbalance
between the removal and production rate of lactose and intermediate metabolites in the

colon might be a key factor in developing diarrhoea symptoms [510].

2.6.5.3 Microbial nitrogen fixation

The analysis conducted here showed novel observations regarding microbial nitrogen
fixation in IBS-D. The relative abundances of nitrogen-fixing bacteria (Clostridiales order
and the Klebsiella, Enterobacter and Streptococcus genera) and genes related to nitrogen
fixation and enzyme nitrogenase activity (nitrogen reduction to ammonia) were higher in
IBS-D but not in FD, compared to controls. These findings are supported by a new
pathway identified in bacteria that used nitrogenase during anaerobic growth to generate
methane from carbon dioxide by methane-metabolising archaea or aerobic

methanotrophic bacteria [511].

2.6.6 Strengths and limitations

The characterisation of the faecal microbial community of the participants recruited in
the COMFORT cohort has several strengths. A well-defined study population generated
300 samples with rigorous inclusion/exclusion criteria, a clinical interview by a
gastroenterologist, and questionnaires of GI symptoms, demographic, and psychological
variables. Enrolment processes ensured the completion of the questionnaires, efficient

return of biological samples, and close timing of data collection.

The present analyses have some limitations. The limitations in DNA extraction and

sequencing protocols among studies may lead to erroneous and disparate estimates of
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taxonomic diversity. Detecting specific microbial DNA can identify the corresponding
taxa but only predict pathway activity. Many transcriptional silencing and repression
events occur in bacteria [512, 513], negatively controlling gene expression. Another
limitation relates to the KEGG functional database, which is unspecific to bacteria.
Bacteria and other microorganisms can express similar genes but with different functions.
The KEGG database categorises these genes under the same functional category, which
can be overcome by investigating the individual genes/enzymes rather than the broad

categories.

Shotgun metagenomics may be insufficient to detect low abundance taxa or achieve the
separation of individual bacterial strains. Moreover, many microbial functional genes had
low abundance or small differential expression levels due to the complexity and diversity
of the microbial communities, variability in sampling and technical noise, functional
redundancy, and environmental factors. Despite microbial genes with low abundance or
small differential expression levels that may still be biologically relevant in the context
of a community, the factors mentioned above should be considered when analysing and

interpreting metagenomic data.

Other limitations relate to the collection and microbial structure of faecal samples [412].
Firstly, the impossibility to collect faecal samples into a nucleic acid stabiliser may have
affected the composition of the faecal microbiota. Freezing immediately the samples at -
80°C was not possible, as participants collected their samples at home and kept at 4°C for
up to 24 hours. Although this protocol is sub-optimal, it is the recommended process to
preserve microbial DNA for faecal samples not chemically preserved or immediately

frozen.

Secondly, sample homogenisation is critical to reducing the intraindividual variation to
detect each component [514]. Wu et al. reported that 35% of low-abundance taxa (~0.2—
0.4% of the microbiota in one sample), could not be found in its replicate [515]. Faecal
microbiota is a proxy of the microbiota at the site of effects and may bias estimates as
differences in microbial composition between segments, lumen, mucosa and faeces have
been reported [516-518]. Such information may be relevant for the pathogenesis of
bloating symptoms in IBS because of the overlap with small intestinal bacterial

overgrowth.
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2.7 Conclusion

Metagenomic analysis of the faecal microbiota in FGID subjects identified common
features and different microbiota profiles associated with constipation or diarrhoea
compared to controls. In both constipation and diarrhoea, changes in the abundance of
proteobacteria, hydrogen-consuming taxa and butyrate producers, along with an
increased abundance of genes related to secretion systems and copper homeostasis were
observed. These changes might provide an adaptive advantage for opportunistic bacteria
to adhere and compete for host resources, altering the composition of the microbiota and

potentially contributing to a pathogen-driven immune response at the subclinical level.

An increased relative abundance of microbial genes related to tyrosine metabolism was
observed in FC and IBS-D. Aromatic amino acid-derived metabolites may play a role in
gut-brain axis interactions in FGIDs. Despite FD and IBS-D had similar taxonomic
signatures in comparison to controls, the microbial functional changes discriminating the

diarrhoea group (IBS-D + FD) from controls were related to IBS-D rather than FD.

A distinctive microbial signature discriminated FC from IBS-C, suggesting FC as a
distinct condition rather than part of the IBS-C spectrum. Specific features of FC included
an increased relative abundance of facultative anaerobes over obligate fermenters, along
with increased relative abundance of genes related to virulence and micronutrient

competition.
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Chapter 3

Characterisation of the gene expression profile of peripheral
blood mononuclear cells in subjects with functional

gastrointestinal disorders and healthy subjects

A journal article titled “Peripheral blood mononuclear cell gene expression signature in
functional gastrointestinal disorders” (Caterina Carco, Wayne Young, Jane
Mullaney, Phoebe E. Heenan, Richard B. Gearry , Elizabeth Forbes-Blom, Jacqueline 1.
Keenan, Nicholas J. Talley, Warren C. McNabb, Nicole C. Roy) will be submitted to the

American Journal of Gastroenterology in 2023.
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3.1 Abstract

The unavoidable interaction between the upper and lower gastrointestinal (GI) microbiota
and the immune system was proposed to be involved in the low-grade chronic
inflammation often observed in subjects with functional gastrointestinal disorders
(FGIDs), including irritable bowel syndrome (IBS). Chapter 3 aims to identify differences
in the RNA expression of peripheral blood mononuclear cells (PBMCs) collected from
FGID subjects and healthy subjects (controls) to identify a potential immune signature of

the FGID subtypes.

Total RNA was extracted from PBMCs isolated from 274 FGID subjects and controls (72
subjects with IBS constipation or functional constipation, 73 subjects with IBS diarrhoea
or functional diarrhoea and 129 controls) and analysed by RNA-sequencing.
Differentially expressed genes (DEGs) between FGID subjects and controls were
determined using negative binomial generalised log-linear models with a quasi-likelihood
F-test. Over-represented pathways of DEGs were identified performing functional

enrichment analyses with the REACTOME browser.

Increased expression levels of immunoglobulin light chains and various innate, humoral,
adaptive immune and haemostatic processes discriminated IBS-D, FD and FC, but not
IBS-C, from controls. Increased expression levels of immunoglobulin variable domain
associated with immunoglobulin E/G receptor-mediated pathways (phagocytosis and
intracellular signalling) characterised the immune signature of IBS diarrhoea and FD. A
higher number of DEGs characterised the immune signature of FC in comparison to other
FGID subtypes and controls. These included increased expression levels of interferon
(IFN)-induced genes and those linked to the complement system and platelet functions.
In summary, these findings provided potential evidence of subclinical immune
abnormalities at the systemic level in FGID subjects and highlighted a distinctive immune

signature in FC.
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3.2 Introduction

A growing body of evidence supports the role of microbe-immune interactions in the
pathophysiology of irritable bowel syndrome (IBS) and functional gastrointestinal
disorders (FGIDs) [519, 520]. Low-grade chronic inflammation seems to be involved in
most mechanisms underlying symptom generation in FGIDs, including visceral
hypersensitivity [150], abdominal pain [151] and increased colonic permeability [137].
The dysbiosis theory, reviewed by Tamboli ef al., proposed that an imbalance between
putative “harmful” and “protective” bacterial species may promote chronic colonic
inflammation [521]. Many studies suggest that a bloom of taxa from the
Enterobacteriaceae family is associated with increased colonic inflammation. For
example, their abundance was increased in faecal samples of a mouse model of
inflammatory bowel diseases, and their transfer to other animals exacerbated colonic
inflammation [478, 522]. In addition, the adherent-invasive Escherichia coli isolated
from the colonic mucosa of Crohn's disease subjects exacerbated colonic inflammation
when administrated to colitic mice [523]. These studies suggest that the mechanisms
leading to dysbiosis might favour the colonisation of potential pathogens from the
Enterobacteriaceae family, such as E. coli, exacerbating inflammation and interfering
with its resolution. The changes in the faecal microbiota in subjects with FGIDs, as a
proxy of colonic microbiota, discussed in Chapter 2, suggest that the affected taxa may
be involved in the onset of colonic inflammation or the exacerbation of a pre-existing
inflamed environment. This pathogen-driven subclinical immune response may be due to
an adaptive advantage of pathogenic and opportunistic microbes to spread fitness,
virulence and antibiotic-resistance determinants and to adhere and compete for host

resources.

Previous research revealed the presence of a subclinical immune activation in the colonic
mucosa or at the systemic level (plasma and serum) in subjects with FGIDs [524].
Overall, the currently available data reported increased levels of pro-inflammatory
interleukins (ILs) (e.g., IL-1pB, IL-6 and IL-8) and tumour necrosis factor (TNF) in plasma
and serum samples of IBS subjects regardless of the subtype [210, 525]. Mast cell
activation [167] and increased frequency of circulating cytotoxic CD8+ T cells [526] have
been reported in IBS-D subjects. Elevated counts of circulating total T lymphocytes
CD3+, CD4+ T-helper cells, CD25+ regulatory T cells and increased spontaneous

115



proliferation of lymphocytes were found in subjects with FC [417]. In addition, elevated
titres of circulating antibodies to bacterial flagellin in IBS subjects (subtype not
mentioned) [128] and to E. coli and Staphylococcus aureus in FC subjects were reported
[417]. Other studies demonstrated that mucosal or luminal immune mediators from
subjects with different IBS subtypes, but not controls, stimulated an abnormal immune
response in enteric and sensory nerves and impaired colonic barrier function in rodents

[527, 528] , human colonic tissue [529] or cellular models [168].

Despite this evidence, existing data about low-grade inflammation in subjects with FGIDs
are conflicting and expressed as average numbers, probably reflecting symptom
heterogeneity. Gender, age, geographic differences, genetic predisposition, diet and

differences in the colonic microbiota are likely to affect the immune response.

Moreover, there is limited data regarding peripheral blood mononuclear cell (PBMC)
gene expression patterns in FGIDs. Increased levels of pro-inflammatory ILs were
detected in ex-vivo resting or stimulated PBMCs collected from IBS-D subjects [530].
Similarly, PBMCs from subjects with IBS-C showed increased E. coli lipopolysaccharide
(LPS)-induced IL-1B levels compared with controls [531]. Gupta et al. attempted to
identify PBMC gene expression inflammatory profiles correlating with altered functional
activity in the salience network of the brain in subjects with IBS [408]. Regions of the
salience network, including the mid-cingulate cortex and mid and superior temporal gyrus
have been positively correlated with PBMC pro-inflammatory genes (IL6, APOL2) in
IBS but negatively correlated with PBMC anti-inflammatory genes (KRT8, APOA4) in
controls. However, the study involved only 16 IBS subjects, which were all females and

with unspecified IBS subtypes.

Gene expression of PBMC provides a useful insight into the pathophysiological
mechanisms of disease, as they play a leading role in immune activation. PBMCs are
comprised of lymphocytes (70-90%), monocytes (10-20%), dendritic cells (1-2%) [532]
and a trace amount of circulating stem cells including platelets and erythroid progenitors
(0.1-0.2%) [533]. PBMC:s provide a less invasive alternative to biopsies [534] and a more
representative cell pool compared to mouse models or human cell lines, which have
limitations in predicting in vivo responses, restricting their clinical translation. There is a
movement of leukocyte subsets to and from the gastrointestinal (GI) tract at a steady state,

suggesting that PBMCs can reflect the molecular events occurring in the GI tract [535].
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Chapter 3 aims to identify differences in the RNA expression of PBMCs collected from
subjects with FGIDs and healthy subjects (controls) and characterise their immune
signatures by characterising their RNA expression profiles. My contribution was
performing RNA extraction of the PBMC samples, conducting bioinformatics and
statistical analyses, data interpretation, and writing the research chapter and journal

article.
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3.3 Hypothesis and aims

The primary hypothesis of the research presented in this Chapter was that the individual
FGID subgroups (IBS-C, IBS-D, FC, or FD) could be discriminated from controls,

according to differences in their PBMC transcriptomes.

An additional hypothesis was that participants with constipation predominant (IBS-
C+FC) or diarrhoea predominant FGIDs (IBS-D+FD) could be discriminated from

controls, according to differences in their PBMC transcriptomes.

The aim was to analyse the RNA gene expression profile of PBMC samples obtained
from 274 subjects diagnosed and clustered in different FGID subgroups (IBS-C, IBS-D,
FC, FD) and controls from the ‘Christchurch IBS cehort to investigate mechanisms for
gut relief, and improved transit’ (COMFORT) cohort to characterise their immune

signature and to identify potential differences in the expression of PBMC genes.

RNA-sequencing of PBMC samples was undertaken and differences in the PBMC gene
expression were determined using R programming. The RNA gene expression data was
visualised for all FGID groups (FC, IBS-C, FD, IBS-D) and the control group. The

following comparisons were made:

1. Subjects with IBS-D were compared to controls.
2. Subjects with FD were compared to controls.

3. Subjects with IBS-C were compared to controls.
4. Subjects with FC were compared to controls.

5. Subjects were grouped according to the bowel movement pattern subtypes
(constipation phenotype: IBS-C+FC; diarrhoea phenotype: IBS-D+FD), and each

phenotype was compared to controls.

Subjects with IBS-M and IBS-U were excluded from the statistical analyses to focus on
the common and exclusive differences in the PBMC transcriptome among subjects

characterised by diarrhoea or constipation.
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3.4 Materials and Methods

3.4.1 Isolation of peripheral blood mononuclear cells

Samples isolated from 274 participants of the COMFORT cohort (129 controls, 57 IBS-
D, 30 IBS-C, 42 FC, and 16 FD) (see Chapter 2, section 4.1) were initially processed by
Dr Phoebe Heenan, former PhD candidate at the University of Otago, Department of
Medicine, Gastroenterology Research, Christchurch. PBMCs were extracted from 18 ml
of lithium heparin-treated blood as per protocol (Figure 3.1), one-third of which was
stored in a solution of 90% foetal bovine serum in the gaseous phase of liquid nitrogen
and two-thirds were stored in RNAlater cell protect at —80°C until analysis. Samples were

then sent on dry ice to AgResearch in Palmerston North.
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Figure 3. 1: Isolation of PBMCs.

Peripheral blood was layered over the Ficoll-Paque and, following centrifugation, the blood components
were separated into plasma, lymphocytes, monocytes, platelets, and granulocytes, erythrocytes The PBMC
pool was then extracted and centrifuged to remove platelets. The residual cells represent the PBMC

population. Created with BioRender.com.
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3.4.2 Purification of RNA from RNAprotect stabilised peripheral blood

mononuclear cells

Total RNA was extracted from total PBMCs using the RNAeasy Extraction kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions. RNAprotect stabilised
PBMCs were re-suspended by vortexing and then centrifuged for 5 minutes at 5000 x g,
and the supernatants were completely removed by pipetting. After loosening the pellets,
350 wl or 600 pl Buffer RLT Plus, were added to the pellets for cell numbers less than 5
x 10 or 5 x 10° — 1 x 107, respectively. The pellets were dissolved completely by
vortexing for 1 minute. The lysates were homogenised for 20 seconds and transferred to
a genomic DNA eliminator spin column placed in a 2 ml collection tube. The samples
were centrifuged for 30 seconds at 8000 x g until all liquid had passed through the
membrane. Then one volume of 70% ethanol was added to the flow-throughs, according
to the volume of the flow-through (the volume may be less than expected, due to loss
during homogenisation and DNA removal). Up to 700 pl of the sample, including any
precipitate that may have formed, were transferred to an RNeasy spin column, placed in
a new collection tube, centrifuged for 15 seconds at 8000 x g, and the flow-through
discarded. Next, 700 ul of buffer RW1 were added to the RNeasy spin column,
centrifuged for 15 seconds at 8000 x g to wash the spin column membrane, and the flow-
through was discarded. Five hundred pl of buffer RPE, were added to the RNeasy spin
column, centrifuged for 15 seconds at 8000 x g, and the flow-through discarded. Finally,
the spin column membrane was washed, and 500 pl of buffer RPE was centrifuged for 2
minutes at 8000 x g to dry the membrane and remove any residual ethanol. Next, the
RNeasy spin column was placed in a new collection tube and centrifuged at full speed for
1 minute to eliminate any possible carryover of the buffer RPE or residual flow-through
of the RNeasy spin column. Thirty pl of RNase-free water were added directly to the spin

column membrane and centrifuged for 1 minute at 8000 x g to elute the DNA.

3.4.3 Quantitative and qualitative analysis of RNA from peripheral blood

mononuclear cells

The RNA concentration was quantitated using the NanoDrop analyser. RNA quantitation

and quality were determined using an Agilent 2100 Bioanalyser with the Agilent RNA
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6000 Nano kit (Agilent, CA, United States), according to the manufacturer’s manuals.
Before starting, the assay equipment was set and the Bioanalyser electrodes were
decontaminated using 350 pl of RNaseZAP solution and 350 pl of RNase-free water to
avoid the degradation of RNA samples. After setting up the Chip Priming Station, the gel
and the gel-dye mix were prepared, and 9 pl of the gel-dye mix, 5 pul of the Nano marker
and 1 pl of the ladder were pipetted into the designated wells of the Chip Priming Station.
Finally, 1 pl of each sample was pipetted into the corresponding well. The chip was then
inserted in the Agilent 2100 Bioanalyser for reading, and the results were obtained
starting the 2100 Expert Software. RNA integrity numbers ranged from 2 to 10 with an

average score of 8.3 (numbers equal to or greater than 8, with 10 being excellent).

3.4.4 Acquisition of gene expression data

RNA libraries were created for RNA sequencing by oligo(dT) and fragmenting it by
adaptive focused acoustic energy. A cDNA library of nucleotide sequences was built with
millions of short DNA reads generated in a paired-end orientation. Sequencing was
performed with the Illumina NovaSeq6000 sequencing platform (Novogene Co., Ltd.,
Beijing). The [llumina platform generates millions of relatively short sequences (“reads”)
representing fragments of the original RNA molecules. Data output in fastq file format
contain information about sequences and quality (Figure 3.2). The recommended Phred
quality score of 25 was used as a cut off and host sequences were identified by mapping

against the human GRCh38 genome.
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Figure 3. 2: The RNA-sequencing workflow.

RNA sequencing was a multi-step process reflecting the actively expressed sequences in PBMCs. This technique examined the quantity and sequences of RNA in PBMCs

using Next-Generation Sequencing. Transcriptional patterns encoded within the RNA were analysed in different ways. Created with Biorender.com.
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3.4.5 Statistical analysis of gene expression data

Mapping large sets of high-throughput sequencing reads to a reference genome is one of
the foundational steps in RNA-sequencing data analysis. The Spliced Transcripts
Alignment to a Reference (STAR) [536] software package was used to enable a highly
accurate and ultra-fast alignment of RNA-sequencing reads to a reference genome
(Human GRCh38). The reads were quality-filtered and trimmed using Trimmomatic. Dr

Wayne Young carried out the sequence processing.

Statistical analyses were carried out to identify differentially expressed genes (DEGs)
between controls and subjects with FGIDs using a negative binomial generalised log-
linear model with a quasi-likelihood F-test, using the function “glmQLFit” provided in
the edgeR package. This test is preferred to the likelihood ratio test as it reflects the
uncertainty in estimating the negative binomial dispersion for each gene in the likelihood
ratio hypothesis test framework and provides more robust and reliable error rate control.
The edgeR package shows log2 fold change (FC) values by default. A two-group
comparison with permutation analysis for differential expression of DEGs was performed
to provide an estimate of the FDR for each transcript comparison. Transcripts with an
FDR < 0.05 were considered significantly differentially expressed. The two-group
comparisons were conducted for a given coefficient, indicating which comparisons to be
tested (IBS-C, FC, IBS-D or FD vs control) to find genes different between any of the

chosen groups).

The two-group comparisons with the quasi-likelihood F-test were performed comparing
individual IBS subtypes (IBS-C or IBS-D) or functional subtypes (FC or FD) to controls,
or comparing subjects grouped according to the bowel movement pattern subtypes
(constipation phenotype: IBS-C and FC and diarrhoea phenotype: IBS-D and FD) to
controls. Subjects with IBS-M and IBS-U were excluded from the statistical analyses to
focus on the common and exclusive PBMC gene expression differences among subjects

characterised by diarrhoea or constipation.
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3.4.5.1 Functional enrichment analysis and protein-protein interaction network

construction

The REACTOME pathway browser version 3.7 [537] was used to identify related gene
groups based on their function and scores to explore the functional associations between
DEGs likely to influence a mutual biological purpose. These databases also allowed the
visual representation of biological pathways while making the source data available in a
computationally accessible format. REACTOME cross-references information from
numerous sources (e.g., NCBI, Ensembl, UniProt, KEGG, ChEBI, PubMed and Gene
Ontology (GO)) [538], including experimental data, computational prediction methods

and public text collections.

An over-representation analysis was performed, which is a statistical (hypergeometric
distribution) test that determined whether certain pathways were over-represented
(enriched) among the submitted DEGs. A binomial test produced a probability score,
which answered the question “Does my list contain more proteins for pathway X than
would be expected by chance?”. The probability score was corrected for FDR using the
Benjamini-Hochberg method. The pathways were declared significant at FDR less than
0.05 and gene number higher or equal to 2 as recommended [539, 540].
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3.5 Results

3.5.1 Diarrhoea predominant irritable bowel syndrome

In subjects with IBS-D, 28 genes were significantly differentially expressed (FC > 1.5,
FDR< 0.05) in comparison to controls. Among these genes, 17 genes had increased
expression levels and 11 genes had decreased expression levels (Figure 3.3 A). After
DEGs with very low expression were removed, 10 genes were significantly differentially
expressed, 6 genes had increased expression levels, and 4 genes had decreased expression

levels (Table 3.1).

3.5.1.1 Functional enrichment analysis of DEGs using the REACTOME pathway

database

Six out of 10 DEGs in PBMCs of subjects IBS-D were included in the REACTOME
pathway analysis, revealing that 60 enriched pathways were linked to at least one of them

(Table 3.2). Twenty-five pathways were significantly associated with DEGs (Table 3.2).

Two genes related to different immunoglobulin (Ig) variable domains (/GLV3-27 and
IGLV2-18) were associated with “cell-vascular wall interactions” and several pathways
related to disease and immune activation in IBS-D (Table 3.2). These include
“complement cascade”, “binding and uptake of ligands by scavenger receptors” and
“classical antibody-mediated complement activation” (Table 3.2). Moreover, IGLV3-27
and IGLV2-18 were also associated with “activation of the IgG Fc region receptor
(FCGR)” and related inflammatory pathways (“phagocytosis” and “IL-10 synthesis”) and
enriched pathways related to signalling through the high-affinity IgE receptor (FCERI)
(Table 3.2). These pathways included “NF-kB activation”, “mitogen-activated protein

kinase (MAPK) activation cascade activation” and “calcium mobilisation” (Table 3.2).
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Figure 3. 3: Volcano plots of gene expression in PBMCs in subjects with IBS-D (A), FD (B), IBS-C
(C) and FC (D) compared to controls.

The cut-off value for significantly DEGs was set at a log2 fold change (FC) value of|0.58|, which represents
an FC of 1.5 (vertical lines). The colour red represents DEGs with increased expression levels, and the
colour blue represents DEGs with decreased expression levels. The log odds (y-axes) refer to the negative
logarithm of the FDR, represented as -loglO(FDR). This transformation allows better visualisation of
statistical significance, which was set at an FDR <0.05 (horizontal line), with highly significant genes

having lower FDR and, therefore, higher negative log odds values.
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Table 3. 1: List of 10 DEGs with significantly increased or decreased expression (FDR< 0.05) in PBMCs of subjects with IBS-D, compared to controls, using a
quasi-likelihood F-test.

Positive or negative log fold change (logFC) shows higher or lower expression levels, respectively. LogCPM (log counts per million) shows the expression level.

Ensembl Gene name Gene description logFC logCPM FDR
ENSG00000211658 IGLV3-27 immunoglobulin lambda variable 3-27 1.96 1.16 5.63E-06
ENSG00000230202 AL450405.1 ribosomial protein L29 (RPL29) pseudogene 1.32 2.89 0.021
ENSG00000211664 IGLV2-18 immunoglobulin lambda variable 2-18 1.29 1.81 0.010
ENSG00000109272 PF4V1 platelet factor 4 variant 1 1.21 0.93 0.012
ENSG00000229769 TRBV10-2 T cell receptor beta variable 10-2 1.05 0.71 0.012
ENSG00000103740 ACSBGI acyl-CoA synthetase bubblegum family member 1 0.48 1.10 0.014
ENSG00000052723 SIKE1 suppressor of IKBKE 1 -0.17 5.16 0.041
ENSG00000175087 PDIKIL PDLIMI1 interacting kinase 1 like -0.26 3.72 0.028
ENSG00000241755 IGKV1-9 immunoglobulin kappa variable 1-9 -2.05 4.64 0.012
ENSG00000108379 WNT3 Wnt family member 3 -2.78 1.09 0.009
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Table 3. 2: Pathways enriched from the network of DEGs in PBMCs from subjects with IBS-D, compared to controls, identified using the REACTOME
database.

Pathway enrichment was determined with an over-representation analysis with a hypergeometric distribution test. The Benjamini-Hochberg FDR was significant at
<0.05. Entities found represents the number of mapped identifiers that match the pathway for the selected molecular type. Entities total represents the total number of
identifiers in the pathway for the selected molecular type. The number of submitted entities does not always match those found because of the redundancy of gene names.

Pathways involving only one gene were not considered.

Pathway name Submitted entities found #Entities found | #Entities total Entities
FDR

Cell surface interactions at the vascular wall IGLV2-18, IGLV3-27, PF4V1 | 4 246 9.04E-04
Classical antibody-mediated complement activation IGLV2-18, IGLV3-27 3 95 9.04E-04
Scavenging of haem from plasma IGLV2-18, IGLV3-27 3 99 9.04E-04
FCGR activation IGLV2-18, IGLV3-27 3 101 9.04E-04
Role of LAT2/NTAL/LAB on Ca*? mobilisation IGLV2-18, IGLV3-27 3 102 9.04E-04
Creation of C4 and C2 activators IGLV2-18, IGLV3-27 3 103 9.04E-04
Initial triggering of complement IGLV2-18, IGLV3-27 3 111 9.04E-04
Role of phospholipids in phagocytosis IGLV2-18, IGLV3-27 3 114 9.04E-04
FCERI-mediated Ca*? mobilisation IGLV2-18, IGLV3-27 3 117 9.04E-04
FCERI-mediated MAPK activation IGLV2-18, IGLV3-27 3 119 9.04E-04
FCGR3A-mediated IL-10 synthesis IGLV2-18, IGLV3-27 3 128 9.04E-04
Binding and uptake of ligands by scavenger receptors IGLV2-18, IGLV3-27 3 129 9.04E-04
Regulation of complement cascade IGLV2-18, IGLV3-27 3 135 9.04E-04
Complement cascade IGLV2-18, IGLV3-27 3 146 9.04E-04
FCGR3A-mediated phagocytosis IGLV2-18, IGLV3-27 3 149 9.04E-04
Leishmania phagocytosis IGLV2-18, IGLV3-27 3 149 9.04E-04
Parasite infection IGLV2-18, IGLV3-27 3 149 9.04E-04
Regulation of actin dynamics for phagocytic cup formation IGLV2-18, IGLV3-27 3 150 9.04E-04
FCERI-mediated NF-kB activation IGLV2-18, IGLV3-27 3 167 9.04E-04
Anti-inflammatory response favouring Leishmania parasite infection IGLV2-18, IGLV3-27 3 168 9.04E-04
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FCGR-dependent phagocytosis IGLV2-18, IGLV3-27 175 0.001018
FCERI signalling IGLV2-18, IGLV3-27 218 0.001924
Immunoregulatory interactions between a lymphoid and a non-lymphoid | /GLV2-18, IGLV3-27 297 0.004669
cell

Haemostasis IGLV2-18, IGLV3-27, PF4V1 726 0.006939
Innate Immune System SIKE1, IGLV3-27, IGLV2-18 1201 0.024242
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3.5.2 Functional diarrhoea

In subjects with FD, 10 DEGs were significantly differentially expressed (FC > 1.5,
FDR< 0.05) in comparison to controls, and all the genes had increased expression levels
(Figure 3.3 B). After DEGs with low expression were removed, 9 genes were significantly
differentially expressed. The DEGs that scored the lowest FDR value were mostly related
to the different Ig variable domains (Table 3.3).

3.5.2.1 Functional enrichment analysis of DEGs using the REACTOME pathway

database

Seven out of 9 DEGs in PBMCs of subjects with FD were included in the REACTOME
pathway analysis, where 57 pathways were linked to at least one of them. Thirty-seven

pathways were significantly associated with DEGs (Table 3.4).

A four-gene cluster related to the Ig variable domains (/IGKV2-30, IGLV3-27, IGKV1D-
16 and IGHV'3-23) was enriched in pathways related to the complement system, such as
“regulation of complement cascade”, ‘“classical antibody-mediated complement

activation”, “creation of C4 and C2 activators” and “initial triggering of complement”

(Table 3.4).

This cluster was also associated with “FCGR activation” and related inflammatory
pathways (“phagocytosis” and “IL-10 synthesis”) and enriched pathways related to
signalling through the FCERI (Table 3.4). These pathways included “NF-kB activation”,

“MAPK cascade activation” and “calcium mobilisation” (Table 3.4).

In addition, IGKV2-30, IGLV3-27, IGKVID-16 and IGHV3-23 were linked to bacterial
and parasitic mechanisms of evasion of the macrophage-mediated immune response, such

2 G

as “‘parasite infection” “anti-inflammatory response favouring Leishmania parasite
infection” and “Leishmania phagocytosis” (Table 3.4). Finally, this cluster was enriched
in pathways related to “B cell receptor (BCR) signalling” (“antigen activates BCR leading
to generation of second messengers” and “CD22 mediated BCR regulation”) and

“haemostasis” (Table 3.4).
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Table 3. 3: List of 9 DEGs with significantly increased or decreased levels (FDR< 0.05) in PBMCs from subjects with FD, compared to controls, using a quasi-
likelihood F-test.

Positive or negative log fold change (logFC) indicates higher or lower expression levels, respectively. LogCPM (log counts per million) indicates the expression level.

Ensembl Gene name Gene description logFC logCPM FDR
ENSG00000243238 IGKV2-30 immunoglobulin kappa variable 2-30 4.36 4.92 1.64E-18
ENSG00000211949 IGHV3-23 immunoglobulin heavy variable 3-23 2.78 6.09 9.48E-13
ENSG00000167034 NKX3-1 NK3 homeobox 1 1.92 1.00 6.93E-08
ENSG00000211658 IGLV3-27 immunoglobulin lambda variable 3-27 2.21 0.86 0.00024
ENSG00000241244 IGKVID-16 immunoglobulin kappa variable 1D-16 2.22 0.86 0.003
ENSG00000106714 CNTNAP3 contactin associated protein family member 3 2.26 0.79 0.003
ENSG00000257335 MGAM maltase-glucoamylase 1.32 4.92 0.031
ENSG00000196083 ILIRAP interleukin 1 receptor accessory protein 0.70 4.42 0.031
ENSG00000073150 PANX2 pannexin 2 1.27 1.66 0.042
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Table 3. 4: Pathways enriched from the network of DEGs in PBMCs from subjects with FD, compared controls, identified using the REACTOME database.
Pathway enrichment was determined with an over-representation analysis with a hypergeometric distribution test. The Benjamini-Hochberg FDR was significant at
<0.05. Entities found represents the number of mapped identifiers that match the pathway for the selected molecular type. Entities total represents the total number of

identifiers in the pathway for the selected molecular type. The number of submitted entities does not always match those found because of the redundancy of gene names.

Pathways involving only 1 gene were not considered.

Pathway name Submitted entities found #Entities | #Entities | Entities
found total FDR

Classical antibody-mediated complement activation IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 95 2.67E-07
Scavenging of haem from plasma IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 99 2.67E-07
FCGR activation IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 101 2.67E-07
Role of LAT2/NTAL/LAB on Ca*? mobilisation IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 102 2.67E-07
Creation of C4 and C2 activators IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 103 2.67E-07
Initial triggering of complement IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 111 2.97E-07
Role of phospholipids in phagocytosis IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 114 2.97E-07
FCERI mediated Ca*? mobilisation IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 117 2.97E-07
FCERI mediated MAPK activation IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 119 2.97E-07
FCGR3A-mediated IL10 synthesis IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 128 3.56E-07
Binding and uptake of ligands by scavenger receptors IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 129 3.70E-07
Regulation of complement cascade IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 135 3.70E-07
Complement cascade IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 146 4.52E-07
Leishmania phagocytosis IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 149 4.52E-07
FCGR3A-mediated phagocytosis IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 149 4.52E-07
Parasite infection IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 149 4.52E-07
Regulation of actin dynamics for phagocytic cup formation IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 150 4.67E-07
FCERI mediated NF-kB activation IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 167 7.93E-07
FCGR-dependent phagocytosis IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 175 8.42E-07
CD22 mediated B cell receptor regulation IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 4 70 8.42E-07
FCERI signalling IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 218 1.96E-06
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Antigen activates B cell receptor leading to generation of second | /GKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 4 95 2.82E-06
messengers
Cell surface interactions at the vascular wall IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 246 3.54E-06
Leishmania parasite growth and survival IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 259 4.56E-06
Anti-inflammatory response favouring Leishmania parasite infection IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 259 4.56E-06
Immunoregulatory interactions between a lymphoid and a non-lymphoid | /GKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 297 8.89E-06
cell
Leishmania infection IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 345 1.60E-05
Potential therapeutics for SARS IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 4 164 1.60E-05
B cell receptor signalling IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 4 176 1.60E-05
Haemostasis IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 726 3.20E-04
Innate immune system IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23, | 6 1201 3.56E-04
MGAM
Vesicle-mediated transport IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 762 4.02E-04
SARS-CoV Infections IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 4 536 0.001
Adaptive immune system IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 958 0.001
Immune system IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23, | 7 2261 0.002
MGAM, ILIRAP
Infectious disease IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 1404 0.006
Disease IGKV2-30, IGLV3-27, IGKVID-16, IGHV3-23 5 2224 0.043
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3.5.3 Constipation predominant irritable bowel syndrome

In subjects with IBS-C, 28 DEGs were significantly differentially expressed (FC > 1.5,
FDR< 0.05) in comparison to controls. The majority of the DEGs (24 genes) had lower
expression levels, while only four genes had higher expression levels in comparison to
controls (Figure 3.3 C). After DEGs with low expression were removed, there were 10
genes significantly differentially expressed, and all had decreased expression levels

(Table 3.5).

3.5.3.1 Functional enrichment analysis of DEGs using the REACTOME pathway

database

Seven out of 10 DEGs were included in the REACTOME pathway analysis in IBS-C,
revealing that 59 enriched pathways were linked to at least one. The genes KDM5D and
UTY were the only cluster associated with the pathway “histone demethylases

demethylating histones” significantly (Table 3.6).
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Table 3. 5: List of 10 DEGs with significantly increased or decreased levels (FDR< 0.05) in PBMC:s of subjects with IBS-C, compared to controls, using a quasi-

likelihood F-test. Positive or negative log fold change (logFC) indicated higher or lower expression levels. LogCPM (log counts per million) indicated the expression

level.
Ensembl Gene name Gene description logFC logCPM FDR
ENSG00000122176 FMOD fibromodulin -6.92 1.96 0.0058
ENSG00000162896 PIGR polymeric immunoglobulin receptor -4.90 1.26 0.007
ENSG00000012817 KDM5D lysine demethylase 5D -4.53 3.66 0.011
ENSG00000099725 PRKY protein kinase Y-linked (pseudogene) -4.35 343 0.012
ENSGO00000183878 ury ubiquitously transcribed tetratricopeptide repeat containing, Y-linked | -4.17 3.39 0.020
ENSG00000108379 WNT3 Wnt family member 3 -3.32 1.09 0.023
ENSG00000131002 TXLNGY taxilin gamma pseudogene, Y-linked -4.16 3.83 0.023
ENSG00000114374 USP9Y ubiquitin specific peptidase 9 Y-linked -4.17 3.88 0.023
ENSG00000067646 ZFY zinc finger protein Y-linked -3.93 3.12 0.027
ENSG00000198692 EIFIAY eukaryotic translation initiation factor 1A Y-linked -3.78 3.47 0.046

Table 3. 6: Pathways enriched from the uploaded network of DEGs in PBMCs from subjects with IBS-C, compared to controls, identified using the

REACTOME database. Pathway enrichment was determined with an over-representation analysis with a hypergeometric distribution test. Benjamini-Hochberg FDR

was significant at <0.05. Entities found represents the number of mapped identifiers that match the pathway for the selected molecular type. Entities total represents the

total number of identifiers in the pathway for the selected molecular type. The number of submitted entities does not always match those found because of the redundancy

of gene names. Pathways involving only 1 gene were not considered.

Pathway name Submitted entities found #Entities found #Entities total Entities FDR
Histone demethylases demethylating histones KDMS5D, UTY 2 26 0.013471
Chromatin modifying enzymes KDMS5D, UTY 2 240 0.09274
Chromatin organisation KDMS5D, UTY 2 240 0.09274
Metabolism of proteins EIF14Y, USP9Y 2 1950 0.517126
Signal transduction USP9Y, WNT3 2 2599 0.688973
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3.5.4 Functional constipation

In subjects with FC, 450 DEGs were significantly differentially expressed (FC > 1.5,
FDR< 0.05) in comparison to controls (Appendix Table O). Among these genes, 337
genes had higher expression levels, and 113 genes had lower expression levels (Figure
3.3 D). After DEGs with low expression were removed, there were 347 genes
significantly differentially expressed, 241 genes had increased expression levels, and 106
genes had decreased expression levels. Table 3.7 shows the 25 most significant DEGs in

FC.

3.5.4.1 Functional enrichment analysis of DEGs using the REACTOME pathway

database

Two hundred and seventy-five out of 347 DEGs were included in the REACTOME
pathway analysis (Table 3.8). The analysis showed that 959 enriched pathways were
linked to at least one DEG. Fourteen pathways were significantly enriched in the gene list

(Table 3.8).

The biological pathways “IFN signalling” (FDR< 0.0001) and “IFN-a and -f signalling”
(FDR< 0.0001) were enriched in the gene network in FC (Table 3.8). Other biological
pathways enriched in the network included innate and cell-mediated immune responses,
such as “cytokine signalling in the immune system” (FDR< 0.01) and “transcriptional

regulation of granulopoiesis” (FDR< 0.01) (Table 3.8).

Hematopoietic processes associated with the network of upregulated genes included
“megakaryocyte differentiation” and “platelet function by the transcription factor
RUNX1” (FDR<0.01) (Table 3.8). Megakaryocytic promoters regulated by the RUNX1-
CBFB gene complex included other genes with increased expression levels in FC, such
as ITGA2B (logFC=1.12; FDR< 0.001), GP1BA (logFC = 0.71; FDR< 0.05) and THBS1
(logFC = 1.55; FDR< 0.001). The RUNXI-CBFB gene complex also stimulates the
transcription of the PF4 gene (logFC = 0.92; FDR< 0.01) (Appendix Table O).

Many genes encoding for molecules contained in platelet a granules and platelet receptors
involved in platelet activation had higher expression levels in subjects with FC or subjects
with constipation (IBS-C + FC) compared to controls (Table 3.9). These include pro-
inflammatory chemokines (CXCLS5, CXCL7 and CCL?2), various coagulation factors from

136



the glycoprotein 1b-5-9 (GPI1B-GP5-GP9) complex, acting as a ligand for the Von
Willebrand factor (VWF) (Table 3.9). The expression level of the protease inhibitor
SERPINGI, involved in hematopoietic processes and the complement system, was
increased two-fold in FC compared to controls (logFC = 1.72, FDR< 0.0001) (Table 3.7,
9).

A cluster of 9 genes was associated with the pathway “DNA damage/telomere stress
induced senescence” (FDR< 0.05) (Table 3.8). This cluster included 6 upregulated
histone genes (HISTIH2BC, HISTIH2BJ, HISTIH2AC, HISTIH2BG, HIST2H2BE,
HISTIHIC), a cyclin-dependent kinase inhibitor (CDKNIA), and 2 downregulated genes,
a histone chaperone gene (4SF1A4) and a telomere specific gene (TERF1).

137



Table 3. 7: List of the 25 most significantly DEGs with increased or decreased levels (FDR< 0.05) in PBMCs from subjects with FC, compared to controls, using

a quasi-likelihood F-test. Positive log fold change (logFC) indicated higher expression levels. LogCPM: log counts per million, indicating the expression level.

Ensembl Gene name Gene description logFC logCPM FDR

ENSG00000165949 IF127 interferon o inducible protein 27 4.75 1.85 3.95E-20
ENSG00000230021 AL669831.3 septin 14 (SEPT14) pseudogene 4.53 2.35 2.29E-25
ENSG00000108691 CCL2 C-C motif chemokine ligand 2 421 2.84 2.71E-16
ENSG00000251546 IGKVI1D-39 immunoglobulin kappa variable 1D-39 2.85 3.16 2.73E-12
ENSG00000158578 ALAS 5'-aminolevulinate synthase 2 2.48 4.08 9.00E-05
ENSG00000143416 SELENBPI selenium binding protein 1 2.02 1.59 4.12E-04
ENSG00000244734 HBB haemoglobin subunit beta 1.91 11.68 2.04E-03
ENSG00000242371 IGKV1-39 immunoglobulin kappa variable 1-39 1.89 1.70 1.05E-06
ENSG00000004939 SLC4A1 solute carrier family 4 member 1 1.89 3.42 1.96E-03
ENSG00000109272 PF4V1 platelet factor 4 variant 1 1.88 1.12 9.11E-06
ENSG00000088827 SIGLECI sialic acid binding Ig like lectin 1 1.83 4.79 6.67E-07
ENSG00000167680 SEMAG6B semaphorin 6B 1.80 1.62 2.83E-04
ENSG00000134321 RSAD2 radical S-adenosyl methionine domain containing 2 1.72 4.88 8.49E-07
ENSG00000149131 SERPING1 serpin family G member 1 1.72 3.57 3.07E-08
ENSG00000058335 RASGRF1 Ras protein specific guanine nucleotide releasing factor 1 | 1.68 1.09 1.24E-02
ENSG00000206172 HBAI haemoglobin subunit alpha 1 1.66 4.41 1.07E-02
ENSG00000115155 OTOF otoferlin 1.63 0.82 1.33E-05
ENSG00000211950 IGHV1-24 immunoglobulin heavy variable 1-24 1.63 1.74 1.14E-06
ENSG00000188536 HBA2 haemoglobin subunit alpha 2 1.55 8.43 1.61E-02
ENSG00000137801 THBS1 thrombospondin 1 1.55 591 7.04E-04
ENSG00000224858 RPL29PI1 ribosomal protein L29 pseudogene 11 1.54 1.06 2.09E-02
ENSG00000187608 ISG15 ISG15 ubiquitin like modifier 1.50 6.04 1.09E-08
ENSG00000119508 NR4A43 nuclear receptor subfamily 4 group A member 3 1.49 1.09 1.75E-02
ENSG00000137198 GMPR guanosine monophosphate reductase 1.41 2.60 6.92E-08
ENSG00000133742 CAl carbonic anhydrase 1 1.40 1.15 3.82E-02
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Table 3. 8: Fourteen pathways enriched from the network of DEGs from subjects with FC, compared to controls, identified with the REACTOME database.

Pathway enrichment was determined with an over-representation analysis with a hypergeometric distribution test. Benjamini-Hochberg FDR was significant at <0.05.
Entities found represents the number of mapped identifiers that match the pathway for the selected molecular type. Entities total represents the total number of identifiers
in the pathway for the selected molecular type. The number of submitted entities does not always match those found because of the redundancy of gene names. Pathways

involving only 1 gene were not considered.

Pathway name Submitted entities found #Entities | #Entities | Entities
found total FDR
Interferon o/f signalling IRF7, USPI1S, ISG20, IFI35, ISG15, IFI27, RSAD2, XAF1, OAS3, OASL, MXI, IFITM3, | 34 190 1.21E-11
IFIT2, IF16, MX2, IFIT3, SOCS1, IFITI
Interferon signalling IRF7, USPI1S, ISG20, IFI35, ISG15, IFI127, RSAD2, HERCS, XAF1, OAS3, OASL, MXI, | 43 397 3.06E-08
IFITM3, IFIT2, IFI6, EIF24K2, MT2A, MX2, IFIT3, TRIM58, KPNA3, SOCS1, IFIT1, PML
RUNX1 regulates genes | HISTIH2BC, HISTIH2AC, PF4, THBSI, ITGA2B, HISTIH2BJ, NR4A3, HISTIH2BG, | 18 78 1.55E-07
involved in megakaryocyte | GPIBA, MYL9, HIST2H2BE, HISTIHIC
differentiation and platelet
function
Formation of fibrin clot | PF4, PF4VI1, SERPINGI, VWF, THBD, GP1BA, PROSI, PPBP, GPY 10 43 8.16E-04
(clotting cascade)
Cytokine signalling in the | IRF7, USPI18, ISG15, MAP3K7, XAF1, CAl, OAS3, RALA, IFITM3, IFIT2, IRSI, CXCL10, | 66 1107 0.002
immune system EIF24K2, MT24, SOCS1, PML, ISG20, IFI35, IGHGI, IFI27, RSAD2, TNFRSF124, HERCS,
BCL2L1, ILIRN, MXI1, OASL, CSF1, IF16, MX2, IFIT3, TRIM58, KPNA3, CCL2, IFIT],
TALI, CDKNIA4
Transcriptional regulation by | HISTIH2BC, HISTIH2AC, PF4, THBSI, ITGA2B, HISTIH2BJ, NR4A3, HISTIH2BG, | 24 261 0.003
RUNX1 GPI1BA, MYL9, HIST2H2BE, HISTIHIC, CLDN5, TP73, RNF2, PML, TALI
Platelet activation, signalling | PF4, SERPINGI, SELP, THBSI, ITGA2B, EGF, CLECIB, GNG11, PROSI, ITGB3, ABHDG, | 25 293 0.005
and aggregation GP9, GP6, LGALS3BP, VWF, MPIG6B, SPARC, CLU, GP1BA, PPBP, CDC37L1
Platelet degranulation LGALS3BP, PF4, SERPINGI, VWF, SELP, THBSI, ITGA2B, EGF, SPARC, CLU, PROSI, | 16 141 0.005
PPBP, ITGB3, CDC37L1
Transcriptional regulation of | HISTIH2BC, HISTIH2BJ, HISTIH2AC, HISTIH2BG, E2FI, KLFS5, HIST2H2BE, | 11 71 0.005
granulopoiesis HISTIHIC, TALI, PML, CDKNIA
Response to elevated platelet | LGALS3BP, PF4, SERPINGI, VWF, SELP, THBS1, ITGA2B, EGF, SPARC, CLU, PROSI, | 16 148 0.007
cytosolic Ca?* PPBP, ITGB3, CDC37L1
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Haemostasis

PF4, SERPINGI, SELP, THBS1, TUBB2A, ITGA2B, PRKAR2B, EGF, PF4V1, IGKVID-39, | 48 803 0.0135
CLECIB, TUBB4B, GNGI1, PROSI, ITGB3, ABHDG6, GP9, EHD3, GP6, TUBBI,
LGALS3BP, HBB, VWF, IGLV2-8, IGHV3-33, THBD, MPIG6B, IGKV1-39, SPARC, CLU,
GPIBA, PPBP, ESAM, CDC37L1, HBD
DNA damage/telomere stress | HISTIH2BC, HISTIH2BJ, HISTIH2AC, ASFIA, HISTIH2BG, TERFI, HIST2H2BE, | 10 71 0.017
induced senescence HISTIHIC, CDKNIA
Antiviral mechanism by IFN- | USPI8, ISG15, EIF2AK2, HERCS, MX2, KPNA3, IFIT1, OAS3, OASL, MX1 11 94 0.038
stimulated genes
Prefoldin mediated transfer | CCT4, TUBBI, VBPI, TUBB4B, CCT6A, TUBB2A 6 29 0.040

of substrate to CCT/TriC
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Table 3. 9: Proteins and molecules in the platelet o granules and platelet receptors that DEGs with higher expression levels in PBMCs that discriminated

subjects with FC or subjects with constipation (IBS-C + FC) from controls.

A positive log fold change (logFC) means higher expression levels.

Proteins and molecules and gene targets in the platelet o granule pathways FC vs Controls IBS-C + FC vs Controls
Functions Secreted factor Gene Target cells logFC | FDR logFC FDR
Adhesion and | P-selectin SELP Polymorphonuclear cells, monocytes, | 0.68 0.003 0.48 0.03
signalling lymphocytes
molecule Thrombospondin 1 THBS1 Macrophages, dendritic cells, Tregs 1.55 0.0007 | 1.10 0.01
Von Willebrand factor VWF Macrophages, lymphocytes 0.64 0.040 - -
TREM like transcript-1 TREMLI Neutrophils, macrophages, endothelial | 0.99 0.003 0.71 0.03
cells
Chemokines Platelet factor-4 CXCL4 (PF4) Polymorphonuclear cells, monocytes, | 0.92 0.007 0.71 0.0005
macrophages
Chemokine (C-X-C motif) | CXCL7 (PPBP) Polymorphonuclear cells 0.82 0.01 - -
ligand 7
Chemokine (C-X-C motif) | CXCL5 Polymorphonuclear cells 1.14 0.002 0.99 0.002
ligand 5
Chemokine (C-C motif) ligand | CCL2 Monocytes, T cells, B cells (40), natural | 4.21 2.71E- | 3.40 1.58E-13
2 killer lymphocytes, basophils, 16
macrophages, dendritic cells, myeloid-
derived suppressor cells, neutrophils
Platelets receptors FC vs Controls IBS-C + FC vs Controls
Class Receptors (family) Ligand Function logFC | FDR logFC FDR
Glycoprotein GP1BA-GP9 complex VWEF, thrombin, | Initiation of platelet recruitment 0.71 0.01 0.50 and - | - and 0.03
P-selectin, aMf2, and and
Mac-1 0.96 0.005
GP6 Collagen, laminin | Platelet aggregation 0.76 0.02 0.55 -
C-type lectin- | CLECIB Podoplanin, Platelet aggregation 0.66 0.04 - -
like rhodocytin
Tetraspanin PEARI FCERla Aggregation, stabilisation of aggregates | 0.90 0.003 0.67 0.02
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3.5.5 Constipation predominant FGIDs and diarrhoea predominant FGIDs

When constipation predominant FGIDs (IBS-C and FC) or diarrhoea predominant FGIDs
(IBS-D and FD) were compared to controls, many DEGs and associated biological
pathways highlighted specific immune signatures related to these phenotypes (Figure
3.4).

In subjects with constipation predominant FGIDs (IBS-C and FC), the PBMCs RNA
expression analysis revealed that 106 DEGs were significantly differentially expressed
(FC> 1.5, FDR< 0.05) compared to controls: 93 genes had higher expression levels, and
13 genes had lower expression levels (Appendix Table P).

The functional enrichment analysis with the REACTOME database revealed that 12
pathways were significantly associated with DEGs (Table 3.10). Among these, pathways
related to IFN o/p signalling, megakaryocyte differentiation and platelet activation,
signalling, degranulation, and aggregation were associated with IFN-induced genes, I[FN-

regulatory factors and other genes involved in haemostasis (Figure 3.4 B, Table 3.10).

In subjects with diarrhoea predominant FGIDs (IBS-D and FD), the PBMCs RNA
expression analysis revealed that 11 DEGs were significantly differentially expressed
(FC> 1.5, FDR< 0.05) compared to controls. Six of these genes had higher expression
levels, and 5 had lower expression levels (Appendix Table Q). The functional enrichment
analysis with the REACTOME database revealed that 31 pathways were significantly
associated with the DEG dataset (Table 3.10). A four-gene cluster related to the Ig
variable domains (IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23) was enriched in
pathways related to the complement system, such as “complement cascade”, “classical

antibody-mediated complement activation”, “creation of C4 and C2 activators” and

“initial triggering of complement” (Table 3.10).

This cluster was also associated with “FCGR activation” and related inflammatory
pathways (“phagocytosis” and “IL-10 synthesis”) and enriched pathways related to
signalling through the FCERI. These pathways included “NF-kB activation”, “MAPK
cascade activation”, and “calcium mobilisation” (Table 3.10). In addition, /GKV2-30),
IGLV2-18, IGLV3-27 and IGHV3-23 were linked to pathways related to “B cell receptor
(BCR) signalling” (“antigen activates BCR leading to generation of second messengers”

and “CD22 mediated BCR regulation”), and “haemostasis” (Table 3.10).
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The constipation and diarrhoea groups shared only 3 DEGs (UBA 1, IGKV1-9 and PF4V1)
(Figure 3.4 A). “Haemostasis” and “Complement cascade” were the pathways enriched

in the constipation and diarrhoea groups although they were associated with different

DEG clusters (Table 3.10, Figure 3.4 B).

3.5.5.1 Gene sets with overlapping or differential expression

Potential markers differentiating between subtypes were identified to stratify the FGID
phenotypes based on gene expression patterns. Venn diagrams showed DEGs that were
commonly and exclusively different among FGIDs, when each subtype was compared to
controls (Figure 3.5 A). No DEGs were shared when each FGID subtype was compared
to controls (Figure 3.5 A).

Conversely, IBS-D and FD commonly showed a higher expression of the Ig variable
domain /GLV3-37 compared to controls (Figure 3.5 A). Higher expression levels of genes
linked to B cell receptor signalling were specific to FD (IGKV2-30, IGKVI1D-16 and
IGHV3-23) (Table 3.4, Figure 3.5 B).

Increased expression levels of cytokine and chemokine signalling genes and IFN
signalling genes (IFN o/f signalling and the antiviral mechanism by IFN-stimulated
genes) (Table 3.8, Figure 3.5 A), genes involved in “platelet activation, signalling,
aggregation, and degranulation”, “megakaryocyte differentiation” and genes linked to
“DNA damage/telomere stress induced senescence” were specific to FC (Table 3.8,
Figure 3.5 B). Different gene clusters of Ig variable domains were associated with
pathways mediated by FcE and FcG receptors in IBS-D and FD but not in FC (Tables 3.2

and 4, Figure 3.5 B).

Overall, genes commonly differentially expressed across FGIDs included Ig variable
domains (Table 3.11, Figure 3.5 B), and pathways commonly enriched across FGIDs
were related to innate and adaptive immunity and complement system activation (Figure
3.5 B). Many DEGs across FGIDs encoding for novel transcripts, long noncoding RNA
or pseudogenes were not included because they lacked functional annotations or were not

mapped into pathways.
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Table 3. 10: Pathways enriched from the network of DEGs from subjects with constipation predominant FGIDs (IBS-C and FC) and diarrhoea predominant
FGIDs (IBS-D and FD), compared to controls.

Pathway enrichment was determined with an over-representation analysis with a hypergeometric distribution test. Benjamini-Hochberg FDR was significant at <0.05.
Entities found represents the number of mapped identifiers that match the pathway for the selected molecular type. Entities total represents the total number of identifiers
in the pathway for the selected molecular type. The number of submitted entities does not always match those found because of the redundancy of gene names. Pathways

involving only 1 gene were not considered.

Constipation predominant FGIDs (IBS-C and FC)
Pathway name Submitted entities found #Entities | #Entities | Entities
found total FDR

Interferon o/f signalling USPI1S, IFIT2, ISG1S5, IFI6, IF127, RSAD2, IFIT3, OAS3, OASL 17 190 2.84E-07

Interferon signalling USP18, IFIT2, ISG15, IFI6, IFI27, RSAD2, IFIT3, OAS3, OASL, MT2A, TRIM5S | 21 397 1.26E-05

Platelet degranulation LGALS3BP, SPARC, CLU, PF4, SERPINGI, SELP, THBSI, ITGB3, ITGA2B 11 141 4.17E-04

Response to elevated platelet cytosolic | LGALS3BP, SPARC, CLU, PF4, SERPINGI, SELP, THBS1, ITGB3, ITGA2B 11 148 4.42E-04

Ca2*

Haemostasis PF4, SERPINGI, SELP, THBSI1, ITGA2B, PF4V1, IGKVID-39, ITGB3, GP9, | 27 803 4.42E-04
EHD3, TUBBI1, LGALS3BP, HBB, IGLV2-8, IGHV3-33, MPIG6B, IGKV1-39,
SPARC, CLU, IGKVID-12, ESAM

Platelet activation, signalling and | LGALS3BP, PF4, SERPINGI, SELP, MPIG6B, THBSI, ITGA2B, SPARC, CLU, | 14 293 0.002

aggregation ITGB3, GPY

RUNXI1 regulates genes involved in | PF4, THBSI, ITGA2B 7 78 0.005

megakaryocyte  differentiation  and

platelet function

Formation of fibrin clot (clotting | PF4V1, PF4, SERPINGI, GP9 5 43 0.015

cascade)

Regulation of complement cascade IGKVID-12, CLU, IGKVID-39, SERPINGI, IGLV2-8, IGHV3-33, CIQC, | 8 139 0.025
IGKV1-39

Cytokine signalling in immune system | USPIS, ISGI15, IFI27, RSAD2, OAS3, OASL, CSF1, IFIT2, IFI6, IRS1, MT24, | 27 1107 0.044
IFIT3, TRIMS58, CCL2, TALI

Complement cascade IGKVID-12, CLU, IGKVID-39, SERPINGI, IGLV2-8, IGHV3-33, CIQC, | 8 156 0.044
IGKV1-39
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Non-integrin membrane-ECM | ITGBS5, AGRN, ITGB3, THBS1 5 61 0.049
interactions

Diarrhoea predominant FGIDs (IBS-D and FD)

Classical antibody-mediated | /GKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 97 5.22E-05
complement activation

FCGR activation IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 103 5.22E-05
Scavenging of haem from plasma IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 106 5.22E-05
Role of LAT2/NTAL/LAB on Ca | IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 107 5.22E-05
mobilisation

Creation of C4 and C2 activators IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 111 5.22E-05
Initial triggering of complement IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 120 5.70E-05
FCERI mediated MAPK activation IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 124 5.70E-05
Role of phospholipids in phagocytosis | IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 129 5.70E-05
FCERI mediated Ca*? mobilisation IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 129 5.70E-05
Regulation of complement cascade IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 139 7.26E-05
FCGR3A-mediated IL10 synthesis IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 141 7.78E-05
Cell surface interactions at the vascular | /IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23, PF4V1 6 257 8.13E-05
wall

Complement cascade IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 156 8.13E-05
FCGR3A-mediated phagocytosis IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 157 8.13E-05
Leishmania phagocytosis IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 157 8.13E-05
Parasite infection IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 157 8.13E-05
Regulation of actin dynamics for | IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 158 8.38E-05
phagocytic cup formation

Binding and uptake of ligands by | IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 168 8.98E-05
scavenger receptors

FCERI mediated NF-kB activation IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 175 1.09E-04
FCGR-dependent phagocytosis IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 193 1.73E-04
FCERI signalling IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 235 4.37E-04
Anti-inflammatory response favouring | IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 297 9.67E-04

Leishmania parasite infection

145



Leishmania parasite growth and survival | IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 297 9.67E-04
Immunoregulatory interactions between | IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 316 0.001
a lymphoid and a non-lymphoid cell

CD22 mediated BCR regulation IGKV2-30, IGLV3-27, IGHV3-23 3 72 0.001
Haemostasis IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23, PF4V1 7 803 0.003
Antigen activates BCR leading to | /IGKV2-30, IGLV3-27, IGHV3-23 3 103 0.0037
generation of second messengers

Leishmania infection IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23 5 406 0.004
Potential therapeutics for SARS IGKV2-30, IGLV3-27, IGHV3-23 3 168 0.009
Signalling by the BCR IGKV2-30, IGLV3-27, IGHV3-23 3 189 0.013
Adaptive immune system IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23, UBAI 6 1012 0.031
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Table 3. 11: Different Ig variable and constant domains whose gene expression levels in PBMCs were differentially expressed in subjects with IBS-D, IBS-C,
FC and FD, or subjects with diarrhoea predominant FGIDs (IBS-D+FD) or constipation predominant FGIDs (IBS-C+FC) in comparison to controls.

Differentially expressed Ig domains were identified by performing a two-group comparison with quasi-likelihood F-test.

Ig light or heavy variable domain logFC FDR Condition
Light L (/GLV2-18) 1.29 <0.05 IBS-D
Light k {GKV1-9) -2.05 <0.05

Light k {GKV2-30) 4.36 <0.0001 FD

Light k /GKVID-16) 2.21 <0.01

Light L (/GLV3-27) 2.21 <0.001

Heavy (IGHV'3-23) 2.78 <0.0001

Light k {GKV2-30) 2.22 <0.0001 IBS-D+FD
Light L (/GLV2-18) 1.14 <0.01

Light L /GLV3-27) 2.01 <0.0001

Heavy (IGHV'3-23) 1.21 <0.001

Light k /GKV1D-39) 2.85 <0.0001 FC

Light k {GKV1-39) 1.89 <0.0001

Light A (/GLV2-8) 0.94 <0.01

Heavy (IGHV'3-33) 0.78 <0.01

Heavy (IGHVI-24) 1.62 <0.0001

Heavy (IGHVI-69D) 0.81 <0.05

Heavy (IGHV6-1) 0.73 <0.05

Light k {GKV1D-39) 2.16 <0.0001 IBS-C+FC
Light k {GKV1-39) 1.33 <0.001

Light A (/GLV2-8) 0.73 <0.05

Heavy (IGHV'3-33) 0.60 <0.05

Heavy (IGHVI-24) 1.55 <0.001

Heavy (IGHV6-1) 0.70 <0.05
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Figure 3. 4: Nineteen DEGs and associated enriched pathways in PBMCs discriminating among
FGIDs compared to controls.

(A) The Venn diagram shows genes commonly differentially expressed among FGIDs when constipation
predominant FGIDs (IBS-C and FC) and diarrhoea predominant FGIDs (IBS-D and FD) were compared to
controls. The red colour represents genes with increased expression levels. The blue colour represents genes
with lower expression levels. (B) Venn diagram shows the pathways enriched in the gene network, which
were common and exclusively differentially expressed among FGIDs when constipation predominant
FGIDs and diarrhoea predominant FGIDs were compared to controls. FCGR: IgG Fc region receptor;
FcGR3A: low affinity I1la receptor for the Fc Fragment of IgG; FCERI: IgE Fc region receptor.
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Figure 3. 5: Venn diagram of DEGs (A) and biological pathways enriched in the DEG network (B) of PBMCs discriminating among FGIDs from controls. In
(A) the red colour represents genes with increased expression levels. The blue colour represents genes with lower expression levels. In (B) arrows indicate the biological

processes enriched in the DEG network that are potentially affected by the changes in gene expression in each FGID subtype. IBS-C was not included in the Venn

diagram, as it did not have enough DEGs to reach statistical significance.
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3.6 Discussion

The analysis described in Chapter 3 identified for the first time many overlapping or
uniquely DEGs in PBMCs among FGID subtypes, compared to controls, of the subjects
recruited in the COMFORT cohort. These DEGs reflected changes in innate, humoral,
adaptive immune, and haemostatic processes representative of phagocyte-mediated
mechanisms. There were more DEGs in constipation predominant FGIDs (IBS-C and FC)

compared to diarrhoea predominant FGIDs (IBS-D and FD).

3.6.1 The PBMC gene expression signature in diarrhoea and constipation

An increased PBMC gene expression of Ig variable domains, mostly Ig light chains, was
detected in IBS-D, FD and FC, compared to controls. However, a corresponding
increased gene expression of Ig heavy chains was not observed. Plasma cells normally
produce some excess light chains that do not combine with heavy chains, referred to as

free light chains [541].

Evidence of the relationship of free light chain RNA levels in PBMCs to disease activity
has been reported in various inflammatory and autoimmune diseases (systemic lupus
erythematosus [542], rheumatoid arthritis [543], atopic dermatitis [544], asthma [545],
rhinitis [546], food allergy [547] and inflammatory bowel diseases [548]). Free light
chains may have a higher binding affinity with monocytes [549] to support antigen
presentation and mast cell degranulation hence promoting immune responses [550].
Nevertheless, the antigen-binding ability of free light chains has been considered non-

specific, inducing self-reactive or unnecessary immunological responses [551].

Redegeld ef al. demonstrated that free light chains could elicit immediate hypersensitivity
responses in sensitised mice [552]. Other studies demonstrated that Ig free light chains
could inhibit neutrophil apoptosis [553] and stimulate neutrophil activation in vitro [554],
potentially contributing to chronic inflammation. However, free light chains may also
function as anti-inflammatory molecules [555] or convert self-reactive antibodies into

innocuous antibodies [556].

Finally, different types of Ig variable domains from the PBMC DEG network of subjects
with diarthoea predominant (IGKV2-30, IGLV2-18, IGLV3-27, IGHV3-23) or
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constipation predominant (/GHV3-33, IGKV1-39, IGKVID-39, IGLV2-8) FGIDs were
associated with the pathway “complement system”. The increased gene expression of Ig
variable domains, particularly Ig light chains, across the FGID subtypes is a novel finding.
The involvement of Ig variable domains with many immune processes, including antigen
presentation, complement system triggering, mast cell degranulation and hypersensitivity
responses may suggest a role for these proteins in immune pathophysiological

mechanisms in FGIDs.

3.6.2 The PBMC gene expression signature in diarrhoea

Among the DEGs identified in diarrhoea predominant FGIDs (IBS-D+FD) compared to
controls, Ig light chain genes were associated with pathways related to the activation of
the complement system and signalling through IgG and IgE receptors, including
molecular functions “phagocytosis”, “IL-10 synthesis”, “NF-kB activation”, “MAPK

cascade activation” and “Ca*? mobilisation”.

Circulating IgE and IgG can modulate de novo synthesis and degranulation of
inflammatory mediators by mast cells and basophils, which express FCERI [557] and the
low affinity Illa receptor for the Fc Fragment of IgG (FcGR3A) on their surfaces [558].
Subjects with frequent and severe symptoms of IBS often report an increased prevalence
of dietary allergies, food intolerance and atopic diseases [559, 560], which is
inconsistently supported by increased serum IgE levels typical of these conditions or
diseases [561]. Despite this, the immune response to food antigens might trigger the low-
grade inflammation associated with IBS [247]. This hypothesis is supported by a clinical
case of an individual with severe asthma and IBS where an anti-IgE monoclonal antibody
therapy led to an almost complete resolution of IBS symptoms [562]. These findings
suggest that [gE-mediated allergic processes might trigger IBS symptoms in predisposed

subjects.

Furthermore, mast cells are involved in IgE receptor signalling, professional phagocytic
cells in IgG receptor signalling, and FcGR3-expressing macrophages were shown to
accumulate in inflamed colonic tissues. These observations suggest that these cell types

may play a role in immune abnormalities at the subclinical level in subjects with diarrhoea
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predominant FGIDs. However, additional single-cell RNA sequencing analyses may be

required to confirm these observations.

3.6.3 The PBMC gene expression signature in constipation

Among the DEGs in constipation predominant FGIDs (IBS-C+FC) compared to controls,
IFN-induced genes and IFN-regulatory factors were associated with IFN o/p signalling
pathways. DEGs linked to haemostasis were enriched with pathways related to
megakaryocyte differentiation, platelet activation, signalling, degranulation, and
aggregation. However, when IBS-C and FC were individually compared to controls, the
association between these pathways and the DEG network were attributable to FC rather
than IBS-C. The IBS-C group did not include enough genes to reach statistical

significance.

3.6.3.1 Complement system

Many genes encoding for components of the classical pathway of the complement system,
such as the protease C1 inhibitor SERPINGI and other proteins (CLU, CI0B, C1QC,
C2), showed increased expression levels in FC subjects, compared to controls. In
particular, the expression of SERPINGI was increased twice as much as the controls. It
was associated with the pathways “regulation of complement cascade® and “platelet
activation, signalling and aggregation”, supporting its pleiotropic role targeting all the

coagulation, fibrinolytic and complement systems [563].

During inflammation, levels of SERPING1 protein in the blood rise approximately two-
fold to moderate the response of the complement system [564]. SERPINGI mainly
regulates and prevents the spontaneous activation of the complement system, but it can
also prevent the binding of bacterial endotoxins to macrophages and suppress leukocyte

rolling and migration [565].

These findings suggest that the complement system may be in a potential state of
subclinical activation in subjects with constipation predominant FGIDs, particularly in

subjects with FC.
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3.6.3.2 IFN a/p signalling

Many upregulated genes included in the pathway “IFN o/f signalling” were IFN-
regulatory and IFN-stimulated factors, including ISGI5, [RF7, TNFRSFI2A and
CXCLI10. Increased gene expression of Ig variable domains, mostly Ig light chains, was
observed in subjects with FC. Elevated free Ig light chain serum levels associated with
IFN-dependent proteins (TNFRSF1A and CXCL10), were also reported in systemic

autoimmune diseases [566].

IFN-a and IFN-f trigger a transcriptional cascade of IFN-stimulated genes, activating
antiviral factors (OASL, OAS3). The expression of IFN-regulatory factors and IFN-
stimulated genes usually increases following infection [567, 568], driving
immunomodulatory, antiviral [569], antiproliferative [570], and antibacterial actions

[568] in the GI tract [571] and the body [572].

In particular, ISG15 has immunomodulatory functions, including neutrophil chemotaxis
[573], recruitment of IL1B-producing CD8a+ dendritic cells [574], and release of IFN-y
[575] or IL-10 [576] from lymphocytes. Other studies [577] have shown an enhanced
expression of ISG/5 mRNA and a dysregulated IFN o/ signalling in active inflammatory
bowel diseases and murine colitis. An increased expression of IFN-y, but not IFN o/,
was observed in the colonic mucosa of IBS subjects of mixed subtypes [215]. These
observations in the literature support the findings obtained here and suggest that the
constitutive and induced production of IFN o/ plays a crucial role in GI homeostasis and

inflammation.

3.6.3.3 Neutrophils and phagocytes

Genes encoding for IFN-o/B-stimulated pro-inflammatory chemokines involved in
neutrophil and monocyte recruitment (CXCL4, CXCL4V1, CXCL5, CXCL7, CXCLI0,
CCL2, CCLS), and cytokines secreted by neutrophils (colony-stimulating factor 1, CSF1)
had increased expression levels in FC, in comparison to controls. In addition, genes
involved in the transcriptional regulation of granulopoiesis (HISTIH2BC, HISTIH2BJ,
HISTIH2AC, HISTIH2BG, E2F1, KLF5, HIST2H2BE, HISTIHIC, TALI, PML,
CDKNI4), for the production of neutrophils, eosinophils and basophils, had also

increased expression levels in FC, in comparison to controls.
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Increased expression levels of genes related to immune cell differentiation may increase
circulating granulocytes and monocytes/macrophages in subjects with FC. This
hypothesis agrees with the increased peripheral blood neutrophil to lymphocyte ratio
reported in subjects with IBS-C [578] and colonic mast cell numbers in patients with

severe FC [579].

Supporting this, treating adult mice with an antibody targeting the CSF1 receptor resulted
in macrophage depletion and colonic dysmotility, either colonic hyperactivity or
increased colonic transit time [580]. Another study demonstrated that the initial phase of
monocyte/macrophage maturation was more advanced in subjects with IBS compared to
controls, but they became more alike after LPS stimulation, suggesting that subjects with

IBS may have a higher immune activation state [581].

These findings suggest that an increased gene expression of IFN-regulatory and IFN-
stimulated factors in FC may affect the activity and the recruitment of neutrophils and
monocytes/macrophages, suggesting a potential a role for these cell types in the

pathophysiology of FGIDs.

3.6.3.4 Platelet function

The DEG network of PBMCs in FC, compared to controls showed increased expression
levels of genes and over-representation of pathways related to megakaryocyte
differentiation and haemostasis (platelet signalling, activation, aggregation, and
degranulation). Many genes encoding for molecules contained in platelet o granules and
surface markers of platelet activation had higher expression levels in FC compared to
controls. Platelet activation genes included P-selectin (SELP), platelet factor 4 (PF4),
glycoproteins (LAMP-3, ITGA2B- ITGB3 complex) and glycoprotein receptors (GP1BA-

GPY complex), and VWF, a ligand for various coagulation factors.

These results contradict a study reporting blood coagulation factor deficiency and hypo-
coagulation in children with dysbiosis and FC [582]. A link between the VWF protein
and inflammation has been confirmed in literature [583]: VWF can recruit leukocytes via
direct leukocyte binding or by recruiting platelets to attract leukocytes [583]. When
activated by TNF, IFN or bacterial LPS, platelets form aggregates with leukocytes

creating bridges between leukocytes and endothelium, largely mediated by the protein P-
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selectin [584, 585]. Qasim et al. showed increased surface expression of P-selectin, in
mostly IBS females with the IBS-D subtype (90%) [586]. The same study observed an
increased gene expression of platelet activation markers and reduced glycoprotein
reactivity following platelet stimulation in IBS-D [586], likely due to chronic low-level
platelet activation and degranulation. Other studies reported alteration of the platelet
transcriptome in viral [587] and bacterial infections [588]. The role of platelets in FGIDs

remains largely unknown [589].

3.6.4 Strengths and limitations

PBMCs provide a more representative cellular pool compared to ex vivo samples or
human cell lines, which may have limitations in predicting in vivo responses. However,
PBMC gene expression analysis does not identify the immune pathways affected in

FGIDs because it is impossible to discriminate between the cause and the consequence.

The REACTOME database offers a valuable framework for categorising the complex
biological processes of the immune system, providing categories for the interconnected
network of various cells, molecules, and processes. However, like any classification
system, it has limitations and can be considered oversimplified in some contexts. For
example, GO categories are hierarchical, with broader categories encompassing more
specific subcategories. While this hierarchy allows for a level of granularity, these
categories may not adequately represent all the complex aspects of an immune response,
and may not fully capture the dynamic nature of these interactions. Despite this, GO
categories are valuable tools for summarising the intricacy of the immune system, and
could be used as a starting point for deeper investigations. Although PBMCs provide a
valuable insight into the immune status at the systemic level, they may not be entirely
suitable for investigating low-grade inflammation in FGIDs. This is due to the fact that
PBMCs may not fully reflect the potential colonic sub-clinical inflammation in FGID
subjects, which could be hard to detect at the systemic level. Despite this, PBMCs can
provide insights into the potential pathways affected and lay the groundwork for more

mechanistic studies.

Transcriptomics rarely identify genes with large impacts on adaptive responses [590], as

changes in RNA abundance are an unreliable indicator of protein activity [590],
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particularly during cell differentiation or adaptation/response to specific stimuli. Several
studies describe a moderate concordance of transcriptome and proteome [591-593],
reflecting a temporal delay between processes. Moreover, long intergenic non-coding
RNAs can affect post-transcriptional mRNA processing, protein translation regulation

and post-translation modifications [594].

In addition, the transcriptome profile of PBMCs cannot be attributed to specific immune
cell sub-populations because PBMCs are a heterogeneous population of myeloid and
lymphoid cells [595]. Single-cell transcriptomics, or fluorescent activated cell-sorting of
different PBMC immune cell subtypes prior to RNA sequencing would give more useful

information on the role of specific immune populations in FGIDs.

Moreover, limited to one time point, this analysis did not allow comparing changes in
temporal response in gene expression. Finally, except for FC, the DEG networks detected
in IBS-D, IBS-C and FD included many DEGs with low abundance or small differential
expression levels. This result may depend on the number and nature of DEGs in the gene
set, the number of participants, and the type of sample (PBMCs). Even though DEGs with
low abundance or small differential expression levels may be biologically relevant, results

should be interpreted cautiously.
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3.7 Conclusion

One of the major conclusions derived from the present gene expression of PBMCs of
FGID subjects and control subjects is that increased Ig light chains and various innate,
humoral, adaptive immune, and haemostatic processes discriminated levels of Ig light
chains and various innate, humoral, adaptive immune, and haemostatic processes
discriminated IBS-D, FD and FC from controls. Among these processes, there were
pathways related to the activation of the complement system and the coagulation cascade.
These pathways were, however, linked to different DEGs across the subtypes. Different
gene clusters of Ig variable domains were associated with pathways mediated by IgE and
IgG receptors, including “phagocytosis”, “IL-10 synthesis”, “NF-kB activation”, and
“MAPK cascade activation”, in IBS-D and FD, but not in FC.

A higher number of DEGs characterised the immune signature of PBMCs in subjects with
FC in comparison to the other FGID subtypes: increased expression levels of IFN-induced
genes and those linked to the complement system and platelet functions. This finding

suggested a distinctive immune signature in FC.

In summary, these findings provide potential evidence of subclinical immune

abnormalities at the systemic level in subjects with FGIDs and, particularly, with FC.
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Chapter 4

Correlations between faecal microbial composition and gene
abundance, immune gene expression and symptoms of
subjects with functional gastrointestinal disorders and healthy

subjects
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4.1 Abstract

The aetiology of functional gastrointestinal disorders (FGIDs), including irritable bowel
syndrome (IBS) is multifactorial. There is increasing evidence that environmental factors,
dysfunctional colonic microbiota, and immune dysregulation contribute to the
pathophysiology of gastrointestinal (GI) symptoms, including pain and bloating
associated with dysmotility and non-GI (psychological) symptoms. Chapter 4 aims to
integrate GI and non-GI symptoms (reported in the thesis of former PhD student Dr
Phoebe Heenan) with biological data (faecal microbiota composition and peripheral blood
mononuclear cells (PBMCs) reported in Chapters 1 and 2, respectively) to provide insight
into immune-microbial interactions specific for the constipation and diarrhoea

phenotypes.

Shotgun metagenomic sequencing datasets of faecal microbial DNA, mature PBMC
RNA, and GI and non-GI symptoms (Structured Assessment of Gastrointestinal
Symptoms, Patient-Reported Outcomes Measurement Information System and Hospital
Anxiety and Depression Scale) from 274 FGID subjects and controls (72 subjects with
IBS constipation or functional constipation, 73 subjects with IBS diarrhoea or functional
diarrhoea and 129 controls) were correlated using canonical correlation analysis and
integrative analysis with Data Integration Analysis for Biomarker discovery using Latent
cOmponents (DIABLO). The receiver operating characteristic curve (ROC) and area
under the curve (AUC) analyses were performed to evaluate the predictor performance
of the classification model of FGIDs. Three “biomarker” panels including selected
variables from each dataset were computationally generated to maximise the value of the

correlations.

Symptoms from the constipation phenotype, including epigastric pain, constipation,
abdominal pain, and bloating, were strongly positively associated (0.84 > r > 0.74) with
the Oscillospiraceae family and negatively associated with the PBMC gene RPS4Y (a Y-
chromosome—encoded minor histocompatibility antigen). The diarrhoea phenotype was
strongly positively associated (0.8 > r > 0.62) with the Peptostreptococcaceae family and
PBMC genes involved in neutrophil degranulation and cellular apoptosis. The ROC and
AUC analyses showed that GI and non-GI symptoms remain the best way to discriminate
among FGIDs or controls than PBMC genes or microbial taxa except for FC, which was
best discriminated from other FGIDs or controls by PBMC genes.
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4.2 Introduction

The aetiology of functional gastrointestinal disorders (FGIDs) is multifactorial. Several
environmental factors, psychosocial stressors, abnormal colonic motility and visceral
hypersensitivity, dysregulation of the immune function and microbiota-immune
dysfunctions contribute to FGID pathophysiology [582, 596, 597]. An imbalance between
putative harmful and protective bacterial species may promote chronic colonic
inflammation [521], which seems to be involved in most mechanisms underlying
symptom generation in FGIDs, including visceral hypersensitivity [150], abdominal pain

[151] and increased colonic permeability [137].

Adverse food reactions may also play a key role in FGIDs, as up to 65% of subjects with
irritable bowel syndrome (IBS) report that their symptoms worsen after ingesting specific
foods [598, 599]. Previous studies suggested that postprandial symptoms in IBS may
depend on the presence of immunoglobulin (Ig)G and IgE [239, 247], indicating that
immune factors may contribute to the generation or worsening of gastrointestinal (GI)
symptoms. This observation was confirmed by other studies investigating the association
between colonic transit, inflammation, visceral hypersensitivity, or faecal concentrations
of inflammation biomarkers like granins [600], calprotectin [601] or mucosal mast cells
[226]. In addition, alterations in the colonic microbiota reflect the host lifestyle and diet

and affect blood levels of biomarkers in FGIDs.

Symptom-based criteria remain the best way to diagnose and discriminate between FGID
subtypes or between FGIDs and controls [13]. Few studies investigated the potential
associations between the faecal microbiota composition (proxy of colonic microbiota),
GI and non-GI symptoms [67], 709] or peripheral blood mononuclear cell (PBMC) gene
expression in FGIDs [224, 408, 602], and commonly used approaches consider each
biological dataset independently.

The ‘Christchurch IBS cehort to investigate mechanisms for gut relief, and improved
transit’ (COMFORT) cohort was designed to characterise subjects with FGIDs and
healthy subjects using demographic, dietary, GI symptom, non-GI symptom
(psychological), biological (faeccal microbiota composition and gene abundance,
plasma/faecal metabolites), and peripheral blood mononuclear cell (PBMC) gene

expression data. Integrating datasets from different sources using a systems biology

160



approach provides an opportunity to identify relationships between them and improve the
understanding of the mechanisms potentially underlying the FGID phenotype. This
approach has been used to understand better several diseases, such as inflammatory bowel
diseases [603], fibromyalgia [604], and Huntington's disease [605], but seldomly used for
FGIDs. One study used an integrative approach between omics data types and clinical
features to predict IBS symptom improvement and exacerbation in 60 female subjects,
based on a multi-modal neuro-psychosocial signature [606]. Results showed that after 3
and 12 months, subjects without symptom improvement paid more attention to painful

visceral stimuli for longer.

The analysis reported in Chapter 4 aimed to correlate symptom severity reported in the
thesis of former PhD student Dr Phoebe Heenan, faecal microbiota composition, gene
abundances and PBMC gene expression reported in Chapters 1 and 2, respectively, and
integrate them to provide an insight into immune-microbe interactions in FGID subjects
and controls. The integrative analysis did not include the microbial gene abundance
dataset to keep data visualisation manageable. Diet and metabolite datasets were also not
used in this analysis as they were part of former PhD students Dr Phoebe Heenan (diet)
and Dr Shanalee James (metabolites). My contribution was to conduct correlative and

integrative analyses, interpret the findings and write the research chapter.
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4.3 Hypotheses and Aims

The primary hypothesis of the research presented in this Chapter is the integrative analysis
of a combination of computationally selected variables from different datasets (faecal
microbiota composition, PBMC transcriptome and GI and non-GI symptoms) from
subjects with constipation and diarrhoea predominant FGIDs and controls identify

potential relationships between these datasets.

A secondary hypothesis is that a combination of computationally selected variables from
different datasets (faecal microbiota composition, PBMC transcriptome and GI and non-
GI symptoms) have good diagnostic power to discriminate within FGIDs or FGIDs from

controls.

Faecal microbiota taxonomic composition and PBMC transcriptome datasets were chosen
as a proxy of the microbiota in the colonic lumen and the immune interaction networks
and integrated with the GI and non-GI symptom dataset as a proxy of the phenotype of
FGID and control subjects. Identifying potential relationships between variables from
datasets of different origins may provide insight into the immune-microbiota interactions

underlying the pathophysiology of FGIDs.

A receiver operating characteristic (ROC) curve and area under the curve (AUC) were
calculated for selected variables from each dataset (faeccal microbiota composition,
PBMC transcriptome and GI and non-GI symptoms) using one-vs-all comparisons to

evaluate their ability to discriminate FGIDs within subtypes or from controls.

The symptom-based categorisation of FGID subjects was performed using the Structured
Assessment of Gastrointestinal Symptoms (SAGIS), the Patient-Reported Outcomes
Measurement Information System (PROMIS) and Hospital Anxiety and Depression Scale
(HADS) questionnaires. These datasets were reported in Dr Heenan’s PhD thesis [424].

All analyses were performed regardless of the digestive health status of the participants.
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4.4 Materials and Methods

4.4.1 Study population

The recruitment process, participant eligibility and characteristics are described in

Chapter 2, section 4.1.

4.4.1.1 Questionnaires

The participants were asked to complete weekly questionnaires, regarding their general,
physical and psychological health, as described in Phoebe Heenan’s published paper
[424] and summarised in Table 4.1. The Modified Hunter New England Survey included
Rome IV questionnaires [607] to classify participants as controls, cases, and sub-
phenotypes. HADS was used to evaluating their psychological status [608]. In addition,
SAGIS [609] evaluated the severity of GI symptoms, and PROMIS [610] evaluated GI
symptoms and emotional distress. The questionnaires were labelled and posted to each
participant. The participants completed the SAGIS questionnaire on day 1 and the
Modified Hunter New England Survey and PROMIS questionnaire on day 3. On day 4 of
the study, the participants collected faecal and urine samples at home and then met with
the study team to collect blood and breath samples (colonic tissue biopsies were obtained

from a subset of participants). Days 1-4 were consecutive days.

Table 4. 1: Schedule of COMFORT cohort variables and visits related to the current study.

Pre- Day | Day | Day | Day | Colonoscopy
enrolment | 1 2 3 4
Advertisements X

Referral to

. . X
Recruitment | Gastroenterologist

Written  informed
consent

Modified Rome IV

Hunter New | Mental and physical
England quality of life
Survey Medical history
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Hospital ~ Anxiety
and Depression
Scale

Demographics

SAGIS questionnaire (GI symptom
severity)

PROMIS questionnaire (GI and
emotional distress)

4.4.2 Dataset integration analysis for biomarker discovery using latent

components

Three different datasets (faecal microbiota composition, PBMC transcriptome and GI and
non-GI symptoms) were chosen for integration. The faecal microbiota taxonomic
composition dataset obtained in Chapter 2, was chosen as a proxy of the microbiota in the
colonic lumen; the PBMC transcriptome dataset obtained in Chapter 3, as a proxy of the
immune interactions; the GI and non-GI symptom dataset, obtained from Dr Heenan’s
PhD thesis [424], as a proxy of the phenotype of FGID subjects and controls. The
integrative analysis did not include the microbial gene abundance dataset to keep data
visualisation manageable. Diet and metabolite datasets were also not used in this analysis
as they were part of former PhD students Dr Phoebe Heenan (diet) and Dr Shanalee James

(metabolites).

The data were normalised across samples to minimise redundancy (duplicate data), and
samples from participants that did not have PBMC, symptoms or microbial data were
removed. The microbiota composition, PBMC gene expression and symptoms datasets,
regardless of the digestive health status of the participants, were integrated with the R
package ‘mixOmics’ (Version 4.0.4) (Figure 4.1), using Data Integration Analysis for
Biomarker discovery using Latent cOmponents (DIABLO) [611]. The main output from
DIABLO is a set of Panels, including a list of selected variables from each nominated
dataset associated with each panel using a component-based integrative tuning process to

maximise the correlation or covariance between variables to form a specific panel.

DIABLO was used to explore correlations between microbiota composition, PBMC gene
expression and GI and non-GI symptom datasets, using highly correlated parameters to

best discriminate within constipation predominant and diarrhoea predominant subtypes
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and from controls. The optimal number of variables from each dataset was selected using
the tune.block.splsda’ function, to maximise the correlation or covariance between

variables.

The Circos plot was used to visualise correlations between different datasets within each
panel’s variables. The splsda function does not generate probability values for the
canonical correlation analysis, so the r values provide only information on the strength of
the correlation, not the significance. The cut-off was set according to the number of
correlations displayed in the Circos plot, starting from the more stringent (0.7, “strong”
correlation) cut-off. If the Circos plot did not display strong correlations, then the level
of stringency was decreased to 0.5 (“moderate” correlation) but not lower. The
PlotLoadings function was used to visualise the loading weights of each selected variable

in each panel.

An over-representation analysis was performed (as described in Chapter 3) to investigate
whether certain biological pathways were over-represented (enriched) in the list of PBMC
genes selected by the DIABLO tuning process and associated with each panel. The
probability score was corrected for FDR using the Benjamini-Hochberg method. The
pathways were declared significant at FDR less than 0.05 and gene number superior or

equal to 2 as recommended [539, 540].

4.4.3 Predictive performance of classification model of functional

gastrointestinal disorders

The ROC and AUC were calculated using one-vs-all comparisons to evaluate the
predictor performance of a classification model to distinguish between FGIDs and
controls or within FGID subtypes (Figure 4.1). The one-vs-all comparisons method
evaluates multi-groups models by comparing each group against all the others
simultaneously. This process reduces the multi-group classification output into a binary

classification.

The ROC curve is a probability curve summarising true and false positive rates. A ROC
AUC plot for each dataset (using the function ‘auroc’) indicates the ability of the model
to distinguish between FGIDs and controls or within FGID subtypes. The AUC values of

0.5 or less correspond to classification no better than chance, between 0.6 to 0.7
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correspond to a poor classification, between 0.7 to 0.8 correspond to a fair classification,
between 0.8 to 0.9 correspond to a good classification, and 1.0 correspond to perfect

classification.
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Figure 4. 1: Correlation and integrative analysis workflow of multi-datasets.

The R package ‘mixOmics’ was used to conduct statistical analyses and visualise data. Different
visualisation tools were used to display DIABLO results and to assess relationships between the selected
variables. The CircosPlot displayed the variables from different datasets selected by DIABLO on a circle,
with links between datasets, indicating strong positive or negative correlations. The sparse PLS-DA score
plots combining the variables for each dataset from each panel were plotted to identify which variables
better discriminate within FC, IBS-C and control groups or FD, IBS-D and control groups. Loading plots
visualised the loading weights of each selected variable for each panel. An over-representation analysis was
performed to investigate whether certain biological pathways were over-represented in the list of PBMC
genes selected by the tuning process and associated with microbial or symptomatic variables. Finally, the
receiver operating characteristic (ROC) curve and area under the curve (AUC) were calculated using one-
vs-all comparisons to evaluate the predictor performance of the classification model of FGIDs. Created

with Biorender.com.
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4.5 Results

4.5.1 N-integration across multiple data sets with data integration analysis

for biomarker discovery using latent components

4.5.1.1 Projection to Latent Structures models and variable selection

The tuning process in DIABLO generated three ‘biomarker’ Panels (Table 4.2). Panel 1
included three selected microbial components, 10 selected PBMC genes, and five selected
symptoms. Panel 2 included 50 selected microbial components, 100 selected PBMC
genes, and five selected symptoms. Panel 3 included five selected microbial components,
20 selected PBMC genes were, and three selected symptoms. The selected variables by

DIABLO in the tuning process were integrated and presented as Circos plots.

4.5.1.2 Dataset integration

The Circos plot diagrams represent the variables from different datasets with the strongest
correlations (Figures 4.2 A and B). The Circos plot in Figure 4.2 A showed the variables
from Panel 1 and 3 combined selected by DIABLO, which scored the strongest

correlations (r> 0.6).

The Oscillospirillaceae family had the strongest negative correlation with the PBMC
gene RPS4Y1 (r=-0.83) and the strongest positive correlations with SAGIS Constipation
(r= 0.84) or SAGIS_ Epigastric pain (r= 0.83). The PBMC gene RPS4Y1 was also very
strongly negatively correlated with SAGIS Epigastric pain (r=-0.81) (Figures 4.2 A and
C). The Oscillospirillaceae family was positively correlated with PROMIS Constipation
(r= 0.74), PROMIS Belly pain (r= 0.76) and PROMIS Bloating symptoms (r= 0.74)
(Figure 4.2 A) (Appendix Table R).

The diarrhoea symptom (PROMIS_Diarrhoea and SAGIS IBS-D) strongly correlated to
10 PBMC genes (Figures 4.2 A). Five genes were correlated to PROMIS Diarrhoea only
(APAF1,1=0.73; SIRPA, = 0.73; LILRB3, 1= 0.73; SLC6A46, 1= 0.71; MEGF9, = 0.74),
and 5 PBMC genes were correlated to both PROMIS Diarrhoea (LRRK2, r= 0.80;
MNDA, = 0.77; IGSF6, = 0.78; TMEM 154, 1= 0.73; ACSLI, = 0.67) and SAGIS_IBS-
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D (LRRK2, r= 0.76; MNDA, = 0.73; IGSF6, r= 0.74; TMEM154, = 0.72; ACSLI, 1=
0.67) (Figure 4.2 A) (Appendix Table R).

The Peptostreptococcaceae family showed a positive correlation with diarrhoea
(PROMIS Diarrhoea) (r= 0.62) and a cluster of PBMC genes (LRRK2, r= 0.66; APAFI,
r=0.57; SIRPA, = 0.56; MNDA, r=0.59; LILRB3, 1= 0.58; SLC6A46, 1= 0.63; MEGF9, r=
0.59; IGSF6, r= 0.59; LYST, r= 0.58; SULF2, r= 0.54 and TMEM154 1= 0.51). LRRK?
was the PBMC gene that scored the strongest positive correlations with
PROMIS Diarrhoea (r= 0.80) and the Peptostreptococcaceae family (r= 0.66) (Figure
4.2 A) (Appendix Table R).

The functional enrichment analysis was performed to investigate whether certain
biological pathways were over-represented in the list of PBMC genes selected by the
tuning process and associated with the Peptostreptococcaceae family and the diarrhoea
predominant FGIDs (Table 4.3). This analysis with the REACTOME pathway browser
showed that some PBMC genes were linked to the pathway “innate immune system”
(APAF1, SIRPA, MNDA, LILRB3; FDR= 0.008), “neutrophil degranulation” (APAF,
SIRPA, MNDA, LILRB3; FDR=0.0003), and “apoptosis” (APAFI) (Table 4.3).

No strong correlations (r=0.7) were identified in the Circos plot using Panel 2 variables.
However, when the cut-off was set at r= 0.5, the Circos plot showed a moderate positive
association between PROMIS Constipation and the PBMC genes PNISR (r= 0.60),
ARGLUI (r= 0.52), CCNLI (r= 0.63) and SRRM?2 (1= 0.66) (Figure 4.2 B; Appendix
Table R). These genes also showed a moderate positive association with microbial taxa
from the Terrabacteria group (Table 4.4) and the Actinobacteria phylum (Coriobacteriia

class and Coriobacteriales order) (Table 4.4).

4.5.1.3 Loading plots

The contribution of each selected variable for Panels 1, 2 and 3 is represented in a pyramid
bar plot in increasing order of importance (according to the absolute value of their
coefficients) from bottom to top (Figures 4.3 A, B, C). Each bar length corresponds to the
loading weight (contribution) of the variable, and the colour corresponds to the group in

which the feature is contributing the most (Figures 4.3 A, B, C). This graphical output
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shows better the molecular signature of FGID subtypes. Only the variables with the
highest loading weight are described in the text.

The loading weights in Panel 1 showed that the Oscillospirillaceae family and the
symptoms from the constipated phenotype (SAGIS Epigastric pain and
SAGIS Constipation,) had the highest loading weights in IBS-C, while the PBMC gene
RPS4Y1 had the highest loading weight in controls (Figures 4.3 A).

The loading weights in Panel 2 showed that Unclassified Coriobacteriia and the gene
SRRM?2 had the highest loading weight in FC, while the symptom of constipation
(PROMIS) had a high loading weight in IBS-C (Figure 4.3 B).

The loading weights of Panel 3 showed that the family Peptostreptococcaceae, the
PBMC gene LRRK?2, and the symptom SAGIS IBS-D had the highest loading weight in
FD (Figure 4.3 C). PROMIS Diarrhoea had the highest loading weight in IBS-M
(Figure 4.3 C).

None of the Panels included symptoms contributing to IBS-D or FC (Figures 4.3 A, B,
C). PBMC genes moderately contributed to IBS-D (KDM6B from Panel 2 and SPON2
from Panel 1) and IBS-M (AC245140.2 from Panel 3) (Figures 4.3 A, B, C).
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Table 4. 2: Panels with the variables selected from faecal microbiota composition, PBMC gene expression and symptom datasets of subjects with FGIDs (IBS-

C, IBS-D, IBS-M, FC, and FD) and controls.

Variables in each Panel were selected using the ‘tune.block.splsda’ function by integrating microbiota, PBMC gene and symptom datasets using DIABLO.

Variable Panel 1 Panel 2 Panel 3
Microbiota | Oscillospiraceae Coriobacteriia, Unclassified Flavobacteriales, Terrabacteria group, Clostridia, Lachnospiraceae, | Peptostreptococcaceae
taxa Odoribacteraceae Bifidobacteriales, Bacteria superkingdom, Clostridiales, Actinobacteria, Clostridiales, | Methanobacteriaceae
Acidaminococcaceae Tannerellaceae, Acidaminococcaceae, Proteobacteria, Eggerthellaceae, Methanobacteriaceae, | Lachnospiraceae
Eubacteriaceae, Bacteroidaceae, Veillonellaceae, Clostridiaceae, Lactobacillaceae, | Bacteroidia
Rhodospirillaceae, Enterobacteriaceae, Barnesiellaceae, Firmicutes, Erysipelotrichaceae, | Clostridiales
Prevotellaceae,  Bacteroidales,  Sutterellaceae,  Bacteroidia,  Peptostreptococcaceae,
Ruminococcaceae, Negativicutes, Oscillospiraceae, Odoribacteraceae, Bacteroidetes,
Streptococcaceae, Selenomonadaceae, Unclassified Bacteroidales, Desulphovibrionaceae
PBMC RPS4Y1 SRRM?2, NLRC5, SYNE2, IGHGI, ADIPORI, FCGR3A4, CCNLI, SYNEI, NBEAL2, RBM38, | LRRK2, LYST, IGHA,
genes KDMG6B CHST2, WDFY4, KIAA1109, AC245140.2, PNISR, TSC22D3, HBB, CD7, NRGN, LENGS, | IGHG2, APAF1I,
SPON2 ATG10, WARSI, YBX3, SELIL3, GIMAP4, KDM6B, F1341, RPS2P5, PRKACB, TBXASI, | RN7SL1, CD302, CFD,
CD247 GIMAPI, AL138963.4, MALATI, GIMAP6, VOPPI, ARGLUI, IGKC, HMOXI, LRRC25, | JMJDIC, MNDA, SIRPA,
ACSLI NEATI, JUN, IKZF3, KLF6, HBA2, FOS, IRS2, CSFIR, ORMDL3, CBX7, GIMAP7, R3HDM4, | MEGF?9, SLC6A6,
RPS2P5 JUND, MACF1, CIITA, CIRBP, RORA, OGT, TLE3, FGL2, MSLI, MS4A6A, DDX17, CXCR4, | SULF2, LILRB3,
CTSwW LTB, ORAI2, LFNG, BODILI, LSTI, ZFP36L1, GGA2, HLA-DQAI, CST3, MPEGI, | AC245140.2, IGSF,
R3HDM4 AC243919.1, AIF1, GASS5, RHOB, FCERIG, IL4R, SLC747, GLUL, GZMH, MYC, SLC646, | C120rf57, @ TMEMI54,
ID2 DPYD, ARRDC3, CARDII, IFITM3, ITGA6, XIST, AP003352.1, IGHM, SECI4L1, CTSS, | ATGI10
EIFIAX EIF1AX, MT-ND4L, ITGAX, SNRNP70, CD6, SECTM]1
GI and | SAGIS_Epigastric PROMIS_Constipation PROMIS Diarrhoea
non-  GI | SAGIS Constipation PROMIS BellyPain SAGIS IBSD
symptoms | PROMIS BellyPain SAGIS_Constipation HADS Depression
PROMIS Bloating PROMIS Bloating
PROMIS Constipation | PROMIS Anxiety
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Figure 4. 2: Outputs representing the variables selected by DIABLO from different datasets with the
strongest correlations, regardless of the digestive health status of the participants.

(A) Circos plot showing correlations between variables from the microbiota composition, PBMC gene and
symptom datasets related to Panels 1 and 3 combined (cut-off= 0.6). The most relevant information was
found correlating variables from Panels 1 and 3, combining them in the same Circos plot. (B) Circos plot
showing correlations between variables from the microbiota composition, PBMC gene and symptom
datasets related to Panel 2 (cut-off= 0.5). Each sector indicates microbiota taxa (blue), PBMC genes (red),

symptoms (green), and lines with either positive (red) or negative (blue) correlation.
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Table 4. 3: REACTOME pathways enriched in PBMC gene cluster positively correlated with the Peptostreptococcaceae family (0.66 > r > 0.5) in subjects with

FGID and controls.

The enrichment in the REACTOME pathways was determined with an over-representation analysis with a hypergeometric distribution test. The Benjamini-Hochberg

method was used to correct the FDR, which was declared significant at <0.05. Entities found represents the number of mapped identifiers that match the pathway for the

selected molecular type. Entities total represents the total number of identifiers in the pathway for the selected molecular type. The number of submitted entities does not

always match those found because of the redundancy of gene names. APAF1: Apoptotic Peptidase Activating Factor 1; SIRPA: Signal Regulatory Protein A; MNDA:
Myeloid Cell Nuclear Differentiation Antigen; LILRB3: Leukocyte Immunoglobulin Like Receptor B3; SLC6A6: Solute Carrier Family 6 Member 6.

Pathway name Submitted entities found #Entities found | #Entities total | Entities FDR
Neutrophil degranulation APAF1; SIRPA; MNDA; LILRB3 | 5 480 0.000
Signal regulatory protein family interactions SIRPA 2 18 0.001
TP53 regulates the transcription of caspase activators and caspases | APAF] 2 20 0.001
Transcriptional regulation by E2F6 APAF1 2 46 0.004
Innate immune system APAF1; SIRPA; MNDA; LILRB3 | 5 1334 0.008
TP53 regulates the transcription of cell death genes APAF1 2 83 0.009
Cell-cell communication SIRPA 2 133 0.017
SMAC(DIABLO)-mediated dissociation of IAP: caspase complexes | APAF1 1 7 0.017
SMAC (DIABLO) binds to IAPs APAF1 1 7 0.017
Activation of caspases through apoptosome-mediated cleavage APAF1 1 8 0.017
SMAC, XIAP-regulated apoptotic response APAF1 1 8 0.017
PTK6 promotes HIF1A stabilisation LRRK?2 1 9 0.018
Formation of apoptosome APAF1 1 13 0.018
Regulation of the apoptosome activity APAF1 1 13 0.018
Cytochrome c-mediated apoptotic response APAF1 1 15 0.021
Apoptotic factor-mediated response APAF1 1 23 0.032
Immune system APAF1; SIRPA; MNDA; LILRB3 | 5 2684 0.044
Na+/Cl- dependent neurotransmitter transporters SLC6A46 1 51 0.044
DAP12 interactions SIRPA 1 53 0.044
Transcriptional regulation by TP53 APAF1 2 487 0.044
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Intrinsic pathway for apoptosis APAF1 1 64 0.044
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Table 4. 4: Canonical partial least squares correlation between microbial composition and PBMC

gene variables selected from Panel 2 resulting from the Circos plot output across subjects with FGIDs
(IBS-C, IBS-D, IBS-M, FC, and FD) and controls.

The cut-off value for positive or negative correlations was set at 0.5. r= correlation coefficient.

PBMC genes | Terrabacteria Actinobacteria Coriobacteriia Coriobacteriales
group

ARGLUI - r=0.51 r=0.50 r=10.51

SRRM?2 r=0.58 r=0.52 r=0.53 r=0.52

CCNLI r=0.58 - r=0.50 -

PNISR r=0.51 = 0.53 r=0.52 r=0.52
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Figure 4. 3: Loading plots showing the loading weights of each DIABLO-selected variable (faecal
microbiota composition, PBMC genes and symptoms) in Panels 1 (A), 3 (B) and 2 (C) across subjects
with FGIDs (IBS-C, IBS-D, IBS-M, FC, and FD) and controls.

The loading plot represents faecal microbiota composition, PBMC genes or symptoms selected in Panels
(comp) 1, 2 and 3. Bar length indicates the loading coefficient weight of the selected variable, ranked by
importance, bottom to top. The bar colour indicates the group (FGIDs or control) in which the mean
expression value is the highest or the lowest for that variable. Values of negative loadings mean that the
variable is related in the opposite direction from the group. Blue: control; green: IBS-C; orange: FC; grey:

FD; pink: IBS-D; yellow: IBS-M.
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4.5.2 Establishment of classification model of functional gastrointestinal

disorders

4.5.2.1 Sparse partial least square discriminant analysis

Sample plots combining the variables from the three Panels for each dataset suggested
that symptoms could discriminate among subjects with FC and IBS-C or from controls
(Figure 4.4 A) and among subjects with FD and IBS-D or from controls (Figure 4.4 B).
A less clear separation was visually observed between subjects with constipation and
controls (Figure 4.4 A) or between IBS-D, FD and controls (Figure 4.4 B) based on

microbial taxa or PBMC genes than symptoms.

4.5.2.2 Receiver operating characteristic curve

A ROC AUC was calculated for each dataset for Panels 1, 2 and 3 using one-vs-all
comparisons to evaluate their ability to discriminate FGIDs within subtypes or from
controls. Only correlations with an r superior to 0.8 are described for Panels 1, Panel 2
(Table 4.5) and Panel 3 (Table 4.5 and Figure 4.5). ROC curves (Figure 4.5) were
represented only for Panel 3, as it included the AUC values with the highest diagnostic

power.

The symptoms selected in Panel 1 (“SAGIS_Epigastric pain”, “SAGIS_Constipation”,
“PROMIS BellyPain”, “PROMIS Bloating” and “PROMIS_Constipation”) had good
diagnostic power to discriminate IBS-C (AUC= 0.86; P=5.97E-04), IBS-M (AUC=0.84;
P=2.14E-05) or controls (AUC= 0.86; P=1.19E-13) from the other FGID and/or control
groups (Table 4.5).

The PBMC genes selected in Panel 2 (cytokine signalling, haem signalling and repression
of WNT target genes) had good diagnostic power to discriminate subjects with FC
(AUC= 0.80; P=2.18E-05) or IBS-C (AUC= 0.90; P= 1.58E-04) from the other FGID
and control groups (Table 4.5). The symptoms selected in Panel 2
(“PROMIS_ Constipation”, “PROMIS_BellyPain”, “SAGIS_Constipation”,
“PROMIS Bloating”, and “PROMIS Anxiety”) had good diagnostic power to
discriminate IBS-C (AUC= 0.86; P= 6.17E-04) or IBS-M (AUC= 0.85; P= 1.95E-05)
from the other FGID and control groups (Table 4.5). Similarly, these symptom variables
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had good diagnostic power also to discriminate controls (AUC= 0.86; P=1.15E-13) from
the FGID groups (Table 4.5).

The symptoms selected in Panel 3 (“PROMIS Diarrhoea”, “SAGIS IBS-D”, and
“HADS Depression”) had good diagnostic power (AUC= 0.80) to discriminate within
FGIDs (but not FC) or FGIDs from controls (Table 4.5 and Figure 4.5 C). The PBMC
genes (innate immunity, neutrophil degranulation, signalling and apoptosis) selected in
Panel 3 had good diagnostic power to discriminate FC (AUC= 0.80; P= 2.920e-05), FD
(AUC= 0.81; P=1.72E-03) or IBS-C (AUC= 0.89; P= 1.53E-04) from other FGID and
control groups (Table 4.5 and Figure 4.5 B).

Finally, IBS-C was the only subtype that could be discriminated with good diagnostic
accuracy from other FGID or control groups by the microbial taxa selected in Panel 3

(AUC= 0.80; P=0.004) (Table 4.5 and Figure 4.5).
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Table 4. 5: Classification of FGID subtypes or controls compared to others based on the area under the curve (AUC) of the receiver operating characteristic

curve (ROC).

AUC <0.70, low diagnostic accuracy; AUC 0.70-0.90, moderate diagnostic accuracy; AUC >0.90, high diagnostic accuracy and AUC=1, 100% accuracy. Values above

0.80 are highlighted in yellow. Others! means other FGIDs and controls.

One-vs-all comparison AUC p-value AUC p-value AUC p-value
Microbiota Panel 1 Symptom Panel 1 PBMC Panel 1
CONTROL vs Others (all FGIDs) | 0.6421 0.003 0.8607 1.19E-13 0.7022 3.21E-05
FC vs Others! 0.5443 0.53 0.6598 2.52E-02 0.6483 3.79E-02
FD vs Others! 0.5852 0.39 0.5146 8.84E-01 0.7235 2.51E-02
IBS-C vs Others! 0.6567 0.14 0.8619 5.97E-04 0.7481 1.86E-02
IBS-D vs Others! 0.4744 0.71 0.6857 7.89E-03 0.4939 9.30E-01
IBS-M vs Others! 0.7701 0.00093 0.8465 2.14E-05 0.5859 2.92E-01
Microbiota Panel 2 Symptom Panel 2 PBMC Panel 2
CONTROL vs Others (all FGIDs) | 0.6091 0.025 0.8609 1.15E-13 0.700 3.90E-05
FC vs Others! 0.7668 0.00019 0.7167 2.41E-03 0.8032 2.18E-05
FD vs Others! 0.5246 0.805 0.5865 3.86E-01 0.7151 3.11E-02
IBS-C vs Others! 0.6409 0.182 0.861 6.17E-04 0.8983 1.58E-04
IBS-D vs Others! 0.6328 0.06 0.732 9.03E-04 0.6209 8.36E-02
IBS-M vs Others! 0.6574 0.054 0.8482 1.95E-05 0.6217 1.36E-01
Microbiota Panel 3 Symptom Panel 3 PBMC Panel 3
CONTROL vs Others (all FGIDs) | 0.6226 0.0117 0.8855 2.22E-15 0.6998 3.97E-05
FC vs Others! 0.7775 0.0001 0.7514 4.31E-04 0.7985 2.92E-05
FD vs Others! 0.665 0.1 0.8713 1.98E-04 0.8129 1.72E-03
IBS-C vs Others! 0.805 0.004 0.9198 6.85E-05 0.8993 1.53E-04
IBS-D vs Others! 0.6311 0.06 0.8176 5.50E-06 0.6373 4.95E-02
IBS-M vs Others! 0.6607 0.05 0.8516 1.62E-05 0.6217 1.36E-01
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Figure 4. 4: Sparse Partial Least Square Discriminant Analysis (SPLS-DA) score plots of microbial taxonomic composition, symptoms and PBMC gene
expression of subjects with constipation (FC and IBS-C) (A) or subjects with diarrhoea (FD and IBS-D) (B) compared to controls.

The arrow plot displays the group membership of each sample. Coloured lines lead from each group centroid towards each sample to aid in the visualisation of groups.
Symbols indicate different FGID subtypes or controls: blue lines and circles (controls), orange lines and triangles (FC or FD), and grey lines and crosses (IBS-C or IBS-

D). The axis labels indicate the amount of variation explained per component.
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Figure 4. 5: The area under the curve (AUC) of the receiver operating characteristic curve (ROC) of

subjects with FGIDs and controls, using selected values from Panel 3.

ROC is a probability curve, and AUC is the degree of separability, showing how much the model can

distinguish FGIDs within subtypes or from controls. The higher the AUC, the better the model distinguishes

FGIDs within subtypes or from controls. 100% diagnostic power: sensitivity= 1, specificity=1, AUC 1.

ROC curves following or above the diagonal indicate a random guess or better than a random guess,

respectively. AUC <0.70, low diagnostic accuracy; AUC 0.70-0.90, moderate diagnostic accuracy; AUC

>0.90, high diagnostic accuracy; AUC 1, 100% accuracy. Others mean other FGIDs and controls.

186



4.6 Discussion

In this Chapter, microbial data (generated in Chapter 2) and PBMC gene expression data
(generated in Chapter 3) were integrated with GI and non-GI symptoms (generated in
Phoebe Heenan’s thesis) using DIABLO. The integrative analysis showed potential
relationships between these variables in FGIDs subjects and controls and provided insight
into the immune-microbiota interactions underlying constipation and diarrhoea

phenotypes beyond the information obtained from the individual datasets.

The analysis of ROC curve and AUC showed that a combination of GI and non-GI
symptoms was the most accurate way to discriminate among IBS-D, IBS-C, IBS-M and
FD or controls than selected PBMC genes or microbial taxa. On the other hand, FC was
best discriminated from other FGIDs or controls by selected PBMC genes involved in
cytokine, haem, and WNT signalling. IBS-C was the only subtype that could also be
discriminated with good diagnostic accuracy from other FGID subtypes or controls by

selected microbial taxa.

4.6.1 Integration of microbiota, immune gene expression and symptoms in

constipation predominant functional gastrointestinal disorders

Symptoms of constipation predominant FGIDs (IBS-C+FC), including constipation,
epigastric pain, abdominal pain, and bloating, showed a strong positive correlation with
the family Oscillospiraceae, and a strong negative correlation with the PBMC gene
RPS4Y1. Studies have reported that the genera Oscillibacter [612] and Oscillospira [613]
were negatively correlated with defecation. In particular, the Oscillospira genus was
positively associated with constipation and slow colonic transit times and negatively
associated with Bristol stool scale [614]. In the same study, the confidence for this
association was second only to that with Methanobrevibacter, a genus known to be linked
to longer colonic transit times [615]. Therefore, Oscillospira species probably grow
slowly and may play a role in aggravating constipation [84], explaining why this genus
was strongly positively linked to methane production in women with chronic constipation

[88].

Taxa from the Oscillospira genus produce all kinds of short-chain fatty acids (SCFAs),

but especially butyrate [616], which in vivo inhibit smooth muscle contractility and fluid
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transit in the colon [617], contributing to constipation. In addition, SCFAs also increased

active sodium and chloride absorption, making the faeces dry and hard [618].

Results from Chapter 2 showed that the relative abundance of the Oscillospiraceae family
was increased in subjects with constipation predominant FGIDs compared to controls.
The expression of the PBMC RPS4Y] gene, which was very strongly negatively
correlated with the Oscillospiraceae family, showed a decreasing trend in all FGID
groups compared to controls. This gene is a Y-chromosome—encoded minor
histocompatibility (H-Y) antigen. Here, more than one-third of PBMC genes with lower
expression levels in subjects with IBS-C were Y-linked and many were considered
biomarkers of the male gender in a study on Y-chromosome genes [619]. Among these
PBMC genes, the USP9Y, DDX3Y, UTY and TMSB4Y genes encode H-Y antigens [620].
Therefore, the lower expression levels of these genes in IBS-C may simply reflect the
predominance of females (28 females and 2 males) in this group of the COMFORT
cohort. Interestingly, the relative abundance of the Oscillospira genus was previously
reported to be higher in females than in males [613]. Therefore, the expression of the

PBMC RPS4YI gene was likely to be gender-related rather than related to IBS-C.

4.6.2 Integration of microbiota, immune gene expression and symptoms in

diarrhoea predominant functional gastrointestinal disorders

The symptoms of subjects with diarrhoea predominant FGIDs (IBS-D and FD) were
positively associated with the family Peptostreptococcaceae and PBMC genes involved
in innate immunity, neutrophil degranulation, and cellular apoptosis. In particular, the
PBMC LRRK?2 gene had the strongest correlations with diarrhoea symptoms and the

Peptostreptococcaceae family.

Studies with gain and loss of function suggested the involvement of the LRRK2 gene in
the host response to pathogens [621]. For example, the siRNA knockdown of the LRRK2
gene in RAW macrophage cells demonstrated that reduced LRRK2 protein was

associated with impaired clearance of Salmonella typhimurium.

Although it is still unclear whether high LRRK?2 gene expression in immune cells is
protective or detrimental, LRRK2 gene expression in PBMCs was reported to be high

under homeostatic conditions and increased upon stimulation. This observation suggests
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that the LRRK?2 gene might play a regulatory role in PBMC effector functions and may
be relevant here, particularly because LRRK2 has been reported to modulate

inflammatory responses to pathogens [621].

The strong positive association between the PBMC LRRK2 gene and the
Peptostreptococcaceae family, which includes many potentially pathogenic anaerobic
taxa (including C. difficile), suggests a potential role for LRRK?2 expression in the
dysbiotic environment of FGIDs. In Chapter 2 C. difficile was detected in FD and IBS-D
samples. Another study showed that subjects with C. difficile infection had a
predominance of taxa from the Peptostreptococcaceae family [622], likely associated
with changes in the microbiota composition, including the rise of potentially pathogenic
anaerobic taxa from Peptostreptococcaceae and Enterobacteriaceae families. The
increased abundance of these families and facultative anaerobes might increase the

susceptibility to C. difficile colonisation and immune activation [623].

Other PBMC genes (innate immunity (L/LRB3), neutrophil degranulation (MNDA) and
cellular apoptosis (4PAF)) were positively associated with the diarrhoea predominant
FGIDs and the Peptostreptococcaceae family showed increased expression in FD but not
in IBS-D. Apoptosis may be delayed, induced or enhanced by different microorganisms,
according to their immune evasion strategies and the health status of the host [624]. The
observed increased expression of genes which induce neutrophil apoptosis and suppress
neutrophil degranulation may be the consequence of a prolonged neutrophil stimulation
by the microbiota. For example, increased blood neutrophils were observed after

C. difficile infection in animal models and humans [625, 626].

These results suggest a potential interplay between microorganisms and PBMC genes
involved in the modulation of neutrophil activity. In addition, calprotectin, produced by
activated neutrophils, discriminated IBS from inflammatory bowel diseases [192, 193],
which supports the role of neutrophils in FGIDs. In particular, in another study, faecal
calprotectin concentration (not measured here) was reported to be highest in IBS-D,

followed by IBS-M and IBS-C [191].
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4.6.3 Establishment of a classification model for functional gastrointestinal

disorders

The analysis of the ROC curve and AUC variables showed that subjects with constipation
predominant FGIDs (IBS-C and FC) could be discriminated accurately from other
diarrhoea predominant FGIDs and controls by combining PBMC genes associated with
neutrophil degranulation, innate immune system and apoptosis (Panel 3) or PBMC genes
associated with cytokine signalling (CSFIR, JUN, IGHGI, IL4R, MYC, ITGAX, F1341,
HMOXI, RORA, IFITM3, IRS2, FOS), haem signalling (HMOXI, HBB, HBA2, RORA)
and WNT signalling (TLE3, MYC) (Panel 2). Increased expression levels of IGHGI,
IFITM3, HBB, and TLE3 genes and cytokine and chemokine signalling genes were
specific to FC, as reported in Chapter 3.

In particular, the PBMC genes selected in Panel 2 better discriminated FC from other
FGIDs and controls than selected GI and non-GI symptoms or microbial taxa. IBS-C was
the only subtype discriminated accurately from other FGIDs and controls combining taxa
from Peptostreptococcaceae, Methanobacteriaceae, Lachnospiraceae tfamilies and taxa
from the Bacteroidia class and Clostridiales order. These taxa are directly or indirectly
involved in SCFA production or methane production in the colon, and their relative
abundance was reported to be altered in subjects with IBS-C in Chapter 2 and other
studies [83, 67, 627].

IBS-C and IBS-M could be discriminated accurately from other FGIDs and controls by
the symptoms selected in Panel 1 (constipation, belly pain, bloating and epigastric pain),
Panel 2 (constipation, belly pain, bloating and anxiety) and Panel 3 (diarrhoea and
depression). Conversely, subjects with diarrhoea predominant FGIDs (IBS-D and FD)
could be discriminated accurately from other FGIDs and controls by the symptoms

selected in Panel 3 (diarrhoea and depression).

Except for FC, combining GI and non-GI symptoms remains the most accurate way to
discriminate among different FGID subtypes or from controls than combining PBMC
genes or microbial taxa. These findings confirmed that FC might have a distinctive

immune signature underlying its pathophysiology.

Combining datasets from microbiome, immune system, and symptom profiles can be

highly beneficial for the translation of research findings into clinical practice and

190



personalised medicine. This would allow the potential discovery of predictive biomarkers
correlating with disease severity or treatment response, for more personalised treatment
strategies based on a patient's unique combination of microbiome, immune, and symptom
data. The integration of datasets over time can help to understand how the microbiome,
immune system, and symptoms change during the course of a disease, enabling the
identification of early warning signs for individuals at risk and allowing preventive
interventions. Finally, machine learning can be applied to integrated datasets to identify

complex patterns that may not be detected through traditional analyses.

4.6.4 Strengths and limitations

The strength of the analyses conducted in Chapter 4 lies in the ability of DIABLO to
select correlated and relevant variables to maximise the correlation between selected
datasets [628]. However, a limitation of this analysis is that correlation does not equal
causation, so results should be interpreted cautiously, and more research would need to
be carried on before deducing a cause-and-effect relationship between two variables. In
addition, removing samples from participants that did not have PBMC, symptom or
microbial data (from 273 to 142 participants) reduced the sample size and, thus, the power

of analysis [629].

Another limitation is that DIABLO was primarily developed for omics datasets, so further
validations are needed for categorical and nominal variables, such as symptoms. Data
heterogeneity is another limitation in combining datasets from different biological
sources [630], as studies with multiple datasets include data that differ in type, scale and

distribution, with often thousands of variables [631].

Furthermore, the correlation analysis was conducted on the entire dataset (subjects with
FGIDs and controls), regardless of the digestive health status. This choice was made to
maximise the sample size and power for this analysis. Further analyses should include
more participants in each FGID subtype group to perform a correlation analysis specific

to FGID subjects.
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4.7 Conclusion

The correlative and integrative analyses provided information that could not be obtained
from the individual dataset analysis in Chapters 2 and 3. These findings allow insight into
the relationships between faecal microbes and immune cells specific for constipation and

diarrhoea phenotypes.

Some symptoms from the constipation phenotype, including epigastric pain, constipation,
abdominal pain, and bloating, were positively associated with the family Oscillospiraceae
and negatively associated with the PBMC gene RPS4Y. On the other hand, the diarrhoea
phenotype was strongly positively associated with the family Peptostreptococcaceae and
PBMC genes, such as LRRK2, involved in neutrophil degranulation and cellular

apoptosis.

The ROC analysis revealed that subjects with FC could be discriminated from other FGID
and control groups by selected PBMC genes involved in cytokine, haem and WNT
signalling with better diagnostic accuracy than selected GI and non-GI symptoms or
microbial taxa. In addition, IBS-C was the only subtype that could be discriminated with
good diagnostic accuracy from other FGID subtypes or controls by selected microbial

taxa.

Except for FC, selected GI and non-GI symptoms remain the most accurate way to
discriminate among different FGID subtypes or controls than selected PBMC genes or

microbial taxa.
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Chapter 5

The effect of the daily consumption of two gold Kiwifruit on
the faecal microbiota composition and gene abundance in

healthy subjects or subjects with constipation

A journal article titled “The effect of the daily consumption of two gold kiwifruit on the
faecal microbiota composition and gene abundance in healthy subjects or subjects with
constipation” (Caterina Carco, Wayne Young, Simone B. Bayer, Phoebe E.
Heenan, Richard B. Gearry, Lynley N. Drummond, Warren C. McNabb, Nicole C. Roy)

will be submitted to Frontiers in Nutrition in 2023.
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5.1 Abstract

Constipation predominant functional gastrointestinal disorders (FGIDs) affect up to 14 %
of the world's population. The different factors contributing to the development of
constipation may also lead to perturbed colonic microbiota composition and functionality.
There is evidence that consuming certain foods, such as green and gold kiwifruit, might
affect colonic microbiota composition and function and improve constipation. Seventy-
three subjects with constipation predominant FGIDs (functional constipation; irritable
bowel syndrome constipation) or healthy controls (controls) were enrolled in a 16-week
randomised, single-blind, cross-over study. Of these, 56 subjects completed the study,
receiving either gold kiwifruit (2/day) or psyllium (fibre-matched, 2.5g/day, as a positive
control) for four weeks, followed by a four-week washout before crossing over and a two-
week follow-up period after the end of the intervention. DNA extracted from faecal
samples collected from the participants was analysed by shotgun sequencing. Analysis of
similarities was used to identify differences in microbial taxonomic composition and
functional potential between the intervention with kiwifruit or psyllium. In addition, the
faecal microbial data were correlated with gastrointestinal (GI) and non-GI symptoms

recorded during the study.

Eggerthella and Bacteroides were the only genera that differed between subjects
consuming gold kiwifruit or psyllium, respectively, or between each intervention
compared to pre-intervention levels, regardless of the digestive health status of the
subjects. Many microbial functional genes were differentially abundant after the
intervention with kiwifruit or psyllium, in comparison to baseline, and between the two
interventions. These included genes involved in carnitine metabolism and vitamin K2
biosynthesis in those fed gold kiwifruit, or genes involved in complex polysaccharide
metabolism and genetic transcription and translation, in those fed psyllium. A greater
number of canonical correlations between symptoms and microbial taxa was observed in
constipation predominant FGID subjects compared to controls, and particularly the
opposite association of Phascolarctobacterium and Dialister with GI (diarrhoea, reflux,
nausea, epigastric pain) and non-GI symptoms (anxiety and depression). Although the
intervention with psyllium resulted in greater effects on gene abundances than gold
kiwifruit, both interventions resulted in changes in microbial gene abundances potentially

associated with health benefits.
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5.2 Introduction

Many subjects suffering from functional gastrointestinal disorders (FGIDs) often
experience changes in faecal frequency or the consistency characteristic of constipation
[632]. Functional constipation is highly prevalent, with up to 14 % of the general
population reporting related symptoms [633]. It is characterised by having at least two of
six symptoms (straining, lumpy/hard faeces, incomplete evacuation, sensation of
anorectal obstruction, need for manual manoeuvres and fewer than three spontaneous
bowel movements per week that are infrequent and hard to pass). No symptoms reliably
separate irritable bowel syndrome constipation (IBS-C) from functional constipation
(FC); visceral hypersensitivity is more strongly associated with IBS-C than FC, and
delayed colonic transit is more common in FC [634]. Symptoms related to these
conditions often impact the quality of life of subjects with constipation predominant
FGIDs [635]. Many factors contribute to the development of constipation, including age,
gender, diet, lifestyle, stress, use of certain medications, and psychological and
neurological conditions [636]. These factors may cause imbalances in the colonic
microbial composition and function. Consequently, microbial dysbiosis has been
observed in subjects with constipation predominant FGIDs in comparison to healthy

subjects (reviewed by Ohkusa et al. [637], Chapter 2).

Consuming certain foods improves constipation symptoms and affects the composition
and function of the colonic microbiota, and changes can be observed 24 hours after
consumption [638]. For example, fibre supplements, such as psyllium, are commonly
used to treat constipation, and their efficacy has been clinically proven [322-324, 639,
640], ameliorating defecation frequency and faecal consistency compared to placebo or
laxative therapies [641]. However, the use of psyllium may result in increased gas or
bloating, and its taste or texture may limit its consumption [642]. Other remedies, such as
laxatives, increased water intake and exercise, have limited clinical evidence for their
effectiveness and poor long-term efficacy [641]. In addition, although some treatments
are effective for IBS-C and FC, such as prosecretory and prokinetic agents, other
treatments are specific to IBS-C (antidepressants, antispasmodics, cognitive behaviour
therapy) or FC (prucalopride, biofeedback). Among prokinetic agents, Tegaserod was
withdrawn in 2007 due to an association with serious adverse cardiovascular effects and

reintroduced in 2019 for use in restricted to low-risk populations [643].
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Consequently, natural, food-based, effective and clinically proven alternatives are
needed. Kiwifruit has recently been recognised as a food for constipation management in
clinical studies [336-341]. Kiwifruit contains polyphenolics and nondigestible
carbohydrates such as pectic, hemicellulosic, and cellulosic polysaccharides. These
compounds can be degraded by members of the colonic microbiota, potentially resulting
in beneficial health effects. Consumption of green kiwifruit in subjects with constipation
predominant FGIDs (FC or IBS-C) showed improvements in bowel frequency, faecal
softness, and a reduction in constipation symptoms [350, 377], transit time, and other
gastrointestinal (GI) symptoms [336-342], compared to healthy subjects. The beneficial
effects of green kiwifruit on motility have mostly been attributed to its soluble fibre
content, which has a high water-holding capacity and viscosity that increase faecal
bulking and softening [337]. Other effects of green kiwifruit included modulating the
relative abundance in microbial composition by affecting the growth of specific microbial
groups and improving aspects of the immune function [373, 375, 377-379, 387, 401-405].
Increased faecal short-chain fatty acid (SCFA) production was linked to the levels of
complex carbohydrates in green kiwifruit [350]. Further digestive benefits of green
kiwifruit may be related to the activity of actinidin, a proteolytic enzyme potentially

inducing laxative effects, and to a high amount of polyphenols [341].

On the other hand, there is limited evidence for gold kiwifruit as a food for constipation
management in clinical studies. The gold-fleshed kiwifruit, compared to the green variety,
has half the total fibre (1.5 vs 3 g/100 g), lower activity of actinidin (26 vs. 100 %), higher
amount of vitamin C (160 vs. 85 mg/100 g) but the same amount of soluble fibre, other
vitamins, phytochemicals and minerals [644]. A four-week intervention with three gold-
fleshed kiwifruit daily improved GI comfort and bowel movements in subjects with
constipation predominant FGIDs [327]. A similar intervention with two gold-fleshed
kiwifruit per day showed improved GI symptoms and bowel movements in participants
with constipation predominant (FC or IBS-C) [645]. A randomised cross-over study
investigated the effect of consuming capsules containing two gold kiwifruit-derived
powder daily for 4 weeks on the faecal microbiota; it increased the relative abundance of
taxa from the Clostridiales order in healthy controls and the abundance of the
Faecalibacterium prausnitzii species in FC [344]. Another study reported that consuming

two gold-fleshed kiwifruit daily over 12 weeks by people with prediabetes increased the
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relative abundance of uncharacterised members of the bacterial family Coriobacteriaceae

[345].

Fibre-based interventions suggest that the sustained, habitual consumption of green
kiwifruit could restore the faecal microbiota of subjects with FGIDs to a composition
more similar to controls, supporting its beneficial effects on bowel movements and GI
symptoms. However, no studies investigated the effect of the gold-fleshed kiwifruit on
microbial structure and gene abundances in FC and IBS-C and their correlations to bowel

movements and GI symptoms.

The Psyllium and Kiwifruit translation (PSYKI) clinical study was undertaken to
understand the sustained impact of consuming daily two gold kiwifruit (Zespri® SunGold
Actinidia chinensis “Zesy002”) or psyllium (fibre-matched positive control) over four
weeks on the GI comfort of subjects with either constipation predominant FGIDs (FC or
IBS-C classified by Rome V) or healthy participants. The primary outcome was the
feasibility of incorporating methods developed for the “Christchurch IBS cohort to
investigate mechanisms for gut relief and improved transit” (COMFORT) study detailed
in Chapter 1, an observational study into GI symptoms and underlying biological
signatures, into this intervention study. Secondary outcomes included alterations in GI
symptoms and bowel movements during the intervention. Other outcomes were
subjective assessments of the anxiety and depression status and measurements of
underlying biological signatures correlating with bowel movement and GI symptoms.
The biological signatures included the faecal microbial composition and gene abundance,
faecal and plasma metabolomes, faecal organic acids and bile acids, and plasma

neurotransmitters.

The PSYKI study was designed by Professor Richard Gearry, Professor Nicole Roy and
Dr Simone Bayer of the University of Otago as part of the Healthy Digestion Priority
Research programme co-led by Professors Roy and Gearry. The clinical phase and
analysis of all clinical data (GI and non-GI symptoms) were carried out by Dr Bayer. Dr
Diana Cabrera, Dr Karl Fraser and Dr Shanalee James conducted the laboratory and data
analyses of metabolomes and bile acids. Dr Janine Cooney and her team conducted

laboratory and data analyses of neurotransmitters and organic acids.

My contribution to the PSYKI study was to carry out bioinformatic and statistical

analyses of the faecal microbiota composition and gene abundances, by extracting faecal
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microbial DNA for shotgun metagenomic sequencing. My contribution also included the
correlation of faecal microbiota data with bowel movement, and GI and non-GI symptom

datasets, writing the research chapter and journal article.
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5.3 Hypothesis and Aims

The main aim of the secondary exploratory analyses of the PSYKI study reported in
Chapter 5 was to investigate the effects of consuming two gold kiwifruit or psyllium daily
over four weeks on faecal microbial composition and gene abundances, and their
relationships to GI and non-GI symptoms, in those with constipation predominant FGIDs

(IBS-C or FC) and healthy subjects (controls).

Psyllium (Ispaghula) was selected as a control intervention as it is a well-studied and
well-tolerated soluble fibre supplement for FGIDs [322-324, 639, 640]. Therefore,
psyllium was dose-matched for fibre content in lieu of a true placebo in the PSYKY study.
The fibre content of a whole fresh gold kiwifruit is thought to contribute to digestive
comfort, therefore, a simple control material as a placebo could not have adequately

matched the gold kiwifruit.

Here, the first hypothesis was that the faecal microbiota composition and gene abundance
profiles in subjects with constipation predominant FGIDs will move closer towards those

of controls during the interventions.

A second hypothesis was that the changes in the faecal microbiota composition and gene
abundance profiles are different between psyllium intervention and the gold kiwifruit
intervention, and that this difference can be used to better understand the observed
underlying aetiology of GI and non-GI symptoms in subjects with constipation

predominant FGIDs.

To test these hypotheses:

1. The microbiota compositional and gene abundance profiles were compared between
interventions in subjects with the constipation predominant FGIDs and controls.

2. The microbiota compositional and gene abundance profiles of each intervention group
were compared to pre-intervention levels in constipation predominant FGIDs and
controls.

3. The microbiota compositional profiles of constipation predominant FGID subjects or
controls were correlated to GI and non-GI symptoms after the intervention with either

gold kiwifruit or psyllium.
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5.4 Materials and Methods

5.4.1 Study population and design

Dr Simone Bayer, a Postdoctoral Fellow at the University of Otago, conducted the PSYKI
study. The description of the PSYKI study and clinical outcomes have been published
[645] and summarised here. The PSYKI study was developed from the previous
COMFORT observational study, which used a multi-omics approach (metabolome and
microbiome) of biological samples (breath, blood, urine, and faeces), symptoms recorded
as patient recorded outcomes (PRO), regarding digestive health and mood, and dietary
information to investigate biological markers [424]. The primary outcome was to assess
whether the comprehensive evaluation undertaken in the COMFORT study could be
translated into a clinical trial. During the PSYKI study recruitment, the design was
accepted by the participants, so the recruitment was expanded to provide more reliable
outcomes on efficacy and safety. The protocol was approved by the NZ Human Disability
and Ethics committee (18/STH/154) and prospectively registered with the Australian NZ
Clinical Trial Registry (12618001286235).

The target population of the study was the adult population (ages 18 — 65). Seventy-three
participants were recruited from the COMFORT cohort and the general population.
Among these were 36 subjects with constipation predominant FGIDs (17 with FC, 19
with IBS-C) and 37 controls. Of these, 56 subjects completed the study (mean age 38.2
years, 85.7 % female, 80.3 % NZ European).

The FC participants were selected according to the Rome IV diagnostic criteria [15]
(Chapter 2, section 4.1). Exclusion criteria were significant GI disorders other than IBS-
C and FC, such as inflammatory bowel diseases, diverticulitis, coeliac disease, chronic
diseases (cardiovascular disease or cancer), neurological conditions (multiple sclerosis,

spinal cord injury or stroke), and kiwifruit allergy.

The study was a single-blinded, positive-controlled, randomised, cross-over (Figure 5.1):
two-week lead-in phase, four-week intervention phase, four-week washout phase, four-

week intervention phase and two-week follow-up phase. The total duration was 16 weeks.

After a two-week lead-in period, the participants were divided into two blocks and
randomised in equal numbers by pulling numbers out of a container to the order of

intervention. After informed consent, participants were randomly given either two gold
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kiwifruit (Actinidia chinensis SunGold®, Zespri® International Ltd., fibre ~2.5g) to be
eaten without the skin or 1.5 level teaspoons of psyllium (BonVit® Orange, BonVit®,
Australia, fibre ~2.5g) per day for four weeks. The psyllium preparation was given in two

doses of 10 g, matching the kiwifruit’s fibre content as a control intervention.

After a four-week washout phase, the participants were crossed over and received the
other intervention. At the end of the intervention, there was a two-week follow-up period.
The participants also filled out questionnaires about their clinical symptoms, recorded as
PRO, their bowel movements, demographic variables, mental and physical health, and
general well-being, as described for the COMFORT cohort [645] and summarised in
Figure 5.1. At baseline, the modified Hunter New England Health Survey (modHNES),
including the hospital anxiety and depression scale (HADS), assesses general physical
and mental health in the last four weeks, health questions like diabetes, lifestyle questions,
mental health during the last seven days, and demographic data, and the Economic Living
Standard Index short form (ELSISF), assessing the standard of living and socio-economic
class, were used. At baseline and weekly, the following questionnaires were used: the
Structured Assessment of GI Symptoms (SAGIS), assessing information on GI
symptoms, the GI Symptom Rating Scale (GSRS), assessing symptom severity; and the
Patient Reported Outcomes Measurement Information System (PROMIS), assessing GI
symptoms, bowel movements, pain, bloating, reflux, anxiety, and depression in the last
seven days. Daily: the Bowel Habit Diary, assessing the frequency of bowel movements,
the level of straining and the Bristol stool scale form was used. At the end of the study,
the Food and Symptoms Times (FAST), which assesses dietary and GI symptom changes,
was used [645].

5.4.2 Sample collection and analysis

Participants provided blood, urine and faecal samples before and after each intervention.
The collection of faecal samples, DNA extraction from them, shotgun sequencing of
metagenomic DNA samples, all data acquisition steps, and statistical analyses were also

carried out as described in Chapter 2, apart from the variations described below.
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Figure 5. 1: Overview of the cross-over study of the total duration of 16 weeks.
Biological samples (faeces, urine and blood) were provided at all other time points (weeks 2, 6, 10, 14, 16). Participants filled out clinical questionnaires weekly and
daily before and after the intervention. ModHNES: modified Hunter New England Health Survey;HADS: hospital anxiety and depression scale; ELSISF: Economic

Living Standard Index short form; SAGIS: Structured Assessment of GI Symptoms; GSRS:GI Symptom Rating Scale; PROMIS:Patient Reported Outcomes
Measurement Information System; FAST: Food and Symptoms Times.
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5.4.3 Data analyses

The multivariate analysis of similarities (ANOSIM) was performed to identify differences
in microbial taxonomic composition and gene abundances between interventions with
kiwifruit and psyllium in subjects with constipation predominant FGIDs and healthy
controls and compared to pre-intervention levels. The univariate analysis MaAsLin2
(Microbiome Multivariable Associations with Linear Models) was used to identify
differences in groups with adjustments for other covariates [646], with health status, pre-
intervention levels, gender, cross-over sequence, and treatment as fixed effects and
participant identification as a random effect. Results with FDR< 0.05 were considered

significant. The complete GI and non-GI symptom datasets are presented in [645].

5.4.3.1 Clustered Image Maps

Clustered Image Maps (CIM), also called “clustered correlation” or “heatmaps” [647],
were created to visualise data results from the Pearson correlation between biological and
symptom datasets from subjects with constipation predominant FGIDs (FC and IBS-C)
and controls. This type of representation is based on hierarchical clustering operating on
the rows and columns of a real-valued similarity matrix. This figure was graphically
represented as a two-dimensional coloured image. Each entry of the matrix was coloured
based on its value, and where the rows and columns were reordered according to the
hierarchical clustering. In addition, dendrograms (tree diagrams) illustrating the
arrangement of the clusters produced by the hierarchical clustering were added to the left
side and the top of the image. The colour in the heatmap indicates the nature of the
correlation between subsets of variables (positive, negative, strong or weak), while the
dendrogram indicates the proximity between correlated variables. Positive (red) or
negative (blue) correlation index (r) was set at > (0.5. Rectangles or squares of the same
colour correspond to long branches of the dendrograms. CIM is implemented in the R
package “mixOmics”, dedicated to the integrative analysis of ‘omics’ data. In particular,
“mixOmics” integrates two different data types to appropriately model the relationships

between the two types of variables [628].
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5.4.3.2 Functions for interfacing with other software packages

Once a co-expression network was generated, the network was imported into the network
analysis tool Cytoscape v3.8.1 [648]. The resulting Excel table contains the interactors
(i.e., taxa exhibiting a strong correlation) in two columns, and their interaction strength
(e.g., co-expression score). Using tools within Cytoscape, the network was analysed to
identify nodes (i.e., taxa) that are “hubs”, meaning these interactors have large numbers

of co-expression partners.
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5.5 Results

5.5.1 Overview of the taxonomic and functional analysis of the faecal

microbiota

At pre-intervention levels, the taxonomic composition of the faecal microbiota among all
subjects was highly variable. There were no detectable differences at the phylum, family
and genus levels between controls and subjects with constipation predominant FGIDs
(Figure 5.2 A, B). The microbial composition remained highly variable throughout the
gold kiwifruit and psyllium interventions, regardless of whether the subjects were healthy
or diagnosed with FGIDs (Figure 5.3 A). The most dominant phyla were the Firmicutes,

Bacteriodetes, Actinobacteria and Proteobacteria (Figure 5.3 A).

The microbial gene abundance had less variation than microbial composition throughout
the gold kiwifruit and psyllium interventions, despite no obvious differences on cursory
examination (Figure 5.3 B). Over one-third of the gene count was related to the microbial
functional categories of carbohydrate metabolism, genetic information processing and

signalling and cellular processes, and amino acid metabolism (Figure 5.3 B).

5.5.2 Multivariate analyses

Principle coordinate analysis (PCA) of microbial taxonomic composition (Figure 5.4) and
gene abundance (Figure 5.5) showed no differences between the subjects with FGIDs and
controls or between intervention phases for all subjects, regardless of their digestive
health status However, using a supervised method, such as the partial least squares
discriminant analysis (PLS-DA), significant differences in the microbial taxonomic
composition (anosim P=0.019) (Figure 5.6) and gene abundance (anosim P=0.013)
(Figure 5.7) were observed between psyllium and kiwifruit interventions in all the

subjects, regardless of the digestive health status.
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Figure 5. 2: Taxonomic composition of the faecal microbiota of subjects with constipation predominant FGIDs (IBS-C or FC) and controls at baseline, visualised

as a stacked barplot (A) or heatmap (B). In A, colours represent genes related to the corresponding microbial category up to the genus level. Bars along the X-axis

indicate each subject group, and the Y-axis represents relative microbial abundance. In B, the heatmap shows the preferential occurrence of taxa up to the family level

across subjects. The dendrograms cluster taxa and FGID subtypes with similar occurrence patterns across subjects, based on their Euclidean distance. The colour scale

represents the proportion of each taxa within a sample. The relative abundance of each taxa was normalised to 1 to adjust the patterns of all taxa.
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Figure 5. 3: (A) Taxonomic composition at the phylum level and (B) gene abundance at KEGG level 2 of the faecal microbiota of subjects with constipation

predominant FGIDs (IBS-C or FC) and controls consuming two gold kiwifruit a day or a fibre-matched active control, psyllium for four weeks.

In (A), each colour represents a different bacterial taxon at the phylum level. In (B), colours represent genes related to the corresponding microbial category. Bars along

the X axis indicate sample information, bars along the Y axis indicate microbial gene counts; Constipation predominant FGIDs (red), Control (green), Baseline/Wash

out/Follow Up period (grey), Psyllium (blue), Kiwifruit (orange).
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Figure 5. 4: Principal component analysis (PCA) of the microbial taxonomic composition at the genus
level of subjects with constipation predominant FGIDs (IBS-C or FC) or controls consuming two
gold kiwifruit daily or a fibre-matched active control, psyllium, for four weeks.

The PCA score plots (A) PC1 vs PC2, (B) PC1 vs PC3, and (C) PC2 vs PC3 show high variation between
participants and within the same individual, as no distinct sample clustering was observed between
participants, type of intervention, or between intervention phases, regardless of the digestive health status
of the participants. The percentage values associated with the axes refer to the proportion of total variance
in the data explained by each principal component, which identifies the most important components for
explaining the variation in the data. Shapes indicate subjects with constipation predominant FGIDs (IBS-C
or FC, Circle) or controls (Square). Colours mean the intervention with psyllium (blue) or kiwifruit
(orange). The colour grey indicated baseline, washout (WO) or follow-up (FU) phases. Lines join samples

from the same participant.
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Figure 5. 5: Principal component analysis (PCA) of the microbial gene at the highest functional level
(KEGG level 4) of subjects with constipation predominant FGIDs (IBS-C or FC) or controls
consuming two gold kiwifruit a day or a fibre-matched active control psyllium, for four weeks.

The PCA scores plots (A) PC1 vs PC2, (B) PC1 vs PC3, and (C) PC2 vs PC3 show high variation between
participants and within the same individual, as no distinct sample clustering was observed between
participants, type of intervention, or between intervention phases, regardless of the digestive health status
of the participants. The percentage values associated with the axes refer to the proportion of total variance
in the data explained by each principal component, which identifies the most important components for
explaining the variation in the data. Shapes indicate subjects with constipation predominant FGIDs (IBS-
C or FC, Circle) or controls (Square). Colours mean the intervention with psyllium (blue) or kiwifruit
(orange). The colour grey indicated baseline, washout (WO) or follow up (FU) phases. Lines join samples

from the same participant.
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Figure 5. 6: Partial least squares discriminant analysis (PLS-DA) of the microbial taxonomic
composition at the genus level of subjects with constipation predominant FGIDs (IBS-C or FC) or
controls consuming two gold kiwifruit a day or a fibre-matched positive control, psyllium treatment
for four weeks.

Shapes indicate subjects with constipation predominant FGIDs (IBS-C or FC, Circle) or Controls (Square).
Colour means the intervention with psyllium (blue) or kiwifruit (orange). The graph shows differences in
the microbial taxonomic composition for all the participants between the psyllium and kiwifruit

interventions, but not between subjects with constipation predominant FGIDs and controls.
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Figure 5. 7: PLSDA of the microbial gene functions at the highest functional level (KEGG level 4) of
subjects with constipation predominant FGIDs (IBS-C or FC) or controls consuming two gold
kiwifruit a day or a fibre-matched positive control, psyllium treatment for four weeks.

Shapes indicate subjects with constipation predominant FGIDs (IBS-C or FC, Circle) or controls (Square).
Colour means the intervention with psyllium (blue) or kiwifruit (orange). The graph shows differences in
microbial gene abundances for all the participants between the psyllium and kiwifruit interventions but not

between subjects with constipation predominant FGIDs and controls.
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5.5.3 Univariate analyses of microbial taxonomic composition

The relative abundance of two microbial families (Bacteroidaceae and Eggerthellaceae)
and related genera (Bacteroides and Eggerthella) significantly changed between kiwifruit
and psyllium interventions in all subjects (constipation predominant FGIDs or controls).
The relative abundance of taxa from the family Bacteroidaceae, including the genus
Bacteroides, was significantly lower in all subjects consuming gold kiwifruit compared
to those consuming psyllium (family, mean: 30.9 vs 21.2, FDR=0.02; genus, mean: 32.7
vs 22.5, FDR=0.02) (Figure 5.8 A) (Appendix Table S). The relative abundance of taxa
from the family Eggerthellaceae, including the genus Eggerthella, was significantly
higher in subjects consuming gold kiwifruit compared to those consuming psyllium
(family, mean: 2.47 vs 1.43, FDR=0.02; genus, mean: 0.95 vs 0.33, FDR=0.0004) (Figure
5.8 D) (Appendix Table S).

The relative abundance of taxa from the Bacteroides genus was higher in subjects
consuming psyllium but not gold kiwifruit, compared to pre-intervention levels (mean:
33.80 vs 22.63 at baseline; FDR=0.008) (Figure 5.8 B, C) (Appendix Table T). The
relative abundance of taxa from the Eggerthella genus was higher in subjects consuming
gold kiwifruit but not psyllium, compared to pre-intervention levels (mean: 0.96 vs 0.46

at baseline; P=0.04) (Figure 5.8 E, F) (Appendix Table T).

5.5.4 Univariate analyses of microbial gene functions

While only two families and genera differed between the psyllium and kiwifruit
interventions, a greater number of microbial functional genes were differentially
abundant after the intervention with psyllium or kiwifruit, in comparison to baseline and

between interventions (Table 5.1).

Genes involved in vitamin K2 biosynthesis (O-succinylbenzoate synthase, menaquinone-
specific isochorismate synthases) (KEGG level 4) and genes involved in carnitine, betaine
and crotonobetaine metabolism (carnitine operon) (SEED level 2 and 3) were relatively
more abundant in all subjects (regardless of their digestive health status) fed gold kiwifruit
compared to subjects fed psyllium and compared to their pre-intervention levels (Table

5.1, Figure 5.9).
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Other microbial functional genes were differentially abundant after the intervention with
kiwifruit in comparison to the baseline. These categories were ‘“electron accepting
reactions” (SEED level 3), “genetic information processing”, “folding, sorting and
degradation” (KEGG level 2), “protein export” (KEGG level 3) and enzymes involved in
carbohydrate metabolism (acyl-CoA synthetase and glycerate 2-kinase) and cellular

signalling (putative metabolite transport protein) (KEGG level 4) (Table 5.1).

On the other hand, genes involved in the metabolism of bacterial capsular polysaccharides
(3-deoxy-D-glycero-D-galacto-nononate ~ 9-phosphate  synthase and heparan-a-
glucosaminide N-acetyltransferase) and complex carbohydrates (endo-1,4f3-xylanase and
formyltetrahydrofolate deformylase), were relatively more abundant in all subjects
(regardless of their digestive health status) fed psyllium compared to subjects fed gold

kiwifruit and compared to their pre-intervention levels (Table 5.1).

Genes involved in genetic transcription (sigma-B regulation protein RsbQ and AraC
family transcriptional regulator) (KEGG level 4) and genes involved in the signal
transduction system for the tolerance to colicin E2 and CreBC (SEED level 3) were also
more abundant in all subjects (regardless of their digestive health status) fed psyllium
compared to subjects fed gold kiwifruit and compared to their pre-intervention levels

(Table 5.1).

Many microbial functional genes (74 pathways between KEGG level 3 and SEED level
2 combined and 529 enzymes/proteins between KEGG level 4 and SEED level 3
combined) were differentially abundant after the intervention with psyllium in
comparison to the baseline. These genes encode numerous enzymes and processes
involved in metabolising carbohydrates, glycans, amino acids and lipids, membrane
transport, transcription and translation (KEGG levels 2, 3 and 4) (Appendix Table U).
Microbial gene functions from SEED levels 1, 2 and 3 were also differentially abundant
after the intervention with psyllium in comparison to the baseline. These genes encoded
many enzymes and processes involved in “metabolism” and “secondary metabolism”,
“membrane transport”, “cell envelope”, “stress response”, “DNA processing”, and

“protein processing” (Appendix Table U).
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Figure 5. 8: Box plots showing the relative abundance of genera Bacteroides and Eggerthella in faecal

samples of all subjects (constipation predominant FGIDs and controls combined).

(A, D) Box plots showing the relative abundance of genera Bacteroides and Eggerthella in faecal samples

of all subjects (constipation predominant FGIDs and controls combined) fed gold kiwifruit compared to

subjects fed psyllium. (B, C) Box plots of the relative abundance of the genera Bacteroides and (E, F)

Eggerthella in faecal samples of all subjects (constipation predominant FGIDs and controls combined) fed

gold kiwifruit or psyllium compared to pre-intervention levels (Baseline/washout combined). Midline

represents the median and upper and lower limits of the box showing the third and first quartile (i.e., 75th

and 25th percentile), respectively and whiskers indicate 1.5 times the interquartile range. Circles represent

individual data points, coloured according to case status; Red — constipation predominant FGIDs, Green —

Control. Asterix (*) indicates a significant difference at FDR<0.05 between-group comparisons.
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Table 5. 1: Microbial functional categories based on KEGG and SEED databases with significantly different relative abundances in faecal samples of all subjects

(constipation predominant FGIDs and controls combined) consuming gold kiwifruit or psyllium in comparison to the other intervention and pre-intervention

levels (baseline/washout combined).

In the column “Kiwifruit vs Psyllium®, the coefficient indicates a fold change, with a positive value indicating higher abundance in the kiwifruit group and a negative

value indicating higher abundance in the psyllium group. In the columns “Kiwifruit/ Psyllium vs pre-intervention”, the coefficient fold change, with a positive value

indicating higher abundance at baseline and a negative value indicating higher abundance after the intervention. The coefficient and false discovery rate (FDR) were

declared significant at values less than 0.05 and only those values are shown. Hyphens represent FDR> 0.05.

Kiwifruit vs Psyllium

Kiwifruit

vs pre-intervention

Psyllium

vs pre-intervention

Level Category Coefficient | FDR Coefficient | FDR | Coefficient | FDR
Menaquinone-specific isochorismate synthase [EC:5.4.4.2] 0.31 0.013 -0.26 0.005 | - -
O-succinylbenzoate synthase [EC:4.2.1.113] 0.28 0.013 -0.20 0.039 | - -
3-deoxy-D-glycero-D-galacto-nononate 9-phosphate synthase [EC:2.5.1.132] | -0.47 0.013 - - -0.44 0.001
Salicylate biosynthesis isochorismate synthase [EC:5.4.4.2] 0.35 0.013 - - - -
Sigma-B regulation protein RsbQ -0.39 0.018 - - -0.39 0.009
Heparan-a-glucosaminide N-acetyltransferase [EC:2.3.1.78] -0.41 0.022 - - -0.42 0.003
Electron transfer flavoprotein-quinone oxidoreductase [EC:1.5.5.-] 0.22 0.022 - - - -
Porphyrinogen peroxidase [EC:1.11.1.-] -0.34 0.022 - - -0.35 0.003

KEGG 4 | Endo-1,4B-xylanase [EC:3.2.1.8] -0.22 0.022 - - -0.23 0.004
5-oxoprolinase (ATP-hydrolysing) subunit C [EC:3.5.2.9] 0.29 0.022 - - - -
AraC family transcriptional regulator -0.27 0.022 - - -0.29 0.005
Carnitine-CoA ligase [EC:6.2.1.48] 0.28 0.025 - - - -
ATP-binding cassette, subfamily C, bacterial CydD 0.25 0.025 - - - -
Formyltetrahydrofolate deformylase [EC:3.5.1.10] -0.27 0.026 - - -0.23 0.01
Protoporphyrin/coproporphyrin ferrochelatase [EC:4.99.1.1 4.99.1.9] 0.23 0.028 - - - -
23S rRNA (adenine2030-N6)-methyltransferase [EC:2.1.1.266] -0.38 0.028 - - -0.33 0.005
Formate dehydrogenase major subunit [EC:1.17.1.9] 0.17 0.045 - - - -
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SEED 2 | Betaine, crotonobetaine, L-carnitine (trimethyl ammonium compounds) 0.24 0.012 -0.18 0.014 | - -
SEED 3 | Carnitine operon 0.26 0.014 -0.20 0.009 | - -
Tolerance to colicin E2 and CreBC signal transduction system -0.23 0.024 - - -0.21 0.007
KEGG 2 | Folding, sorting and degradation - - -0.013 0.003 | - -
Unclassified: genetic information processing - - 0.03 0.007 | - -
KEGG 3 | Protein export - - -0.012 0.04 - -
KEGG 4 | Acyl-CoA synthetase - - -0.29 0.02 - -
MES transporter, putative metabolite transport protein - - -0.19 0.02 - -
Glycerate 2-kinase - - 0.07 0.02 - -
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Figure 5. 9: Box plots showing the relative abundance of the microbial gene categories that were
relatively more abundant in all subjects consuming two gold kiwifruit a day compared to those
consuming psyllium over four weeks and compared to their pre-intervention levels.

(A) Four microbial gene categories (menaquinone-specific isochorismate synthases, carnitine, betaine and
crotonobetaine metabolism, carnitine operon) were relatively more abundant in faecal samples of all
subjects (constipation predominant FGIDs and controls combined) fed gold kiwifruit compared to subjects

fed psyllium. These categories were relatively more abundant after the intervention with gold kiwifruit (B)
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but not psyllium (C) compared to their pre-intervention levels (baseline/washout combined). Midline
represents the median and upper and lower limits of the box showing the third and first quartile (i.e., 75th
and 25th percentile), respectively and whiskers indicate 1.5 times the interquartile range. Asterix (*)

indicates a significant difference at a false discovery rate (FDR) less than 0.05.
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5.5.5 Canonical correlation analysis of faecal microbiota with

gastrointestinal and non-gastrointestinal symptom outcomes datasets

Although no differences in microbial taxonomic composition were observed between
subjects with constipation predominant FGIDs and controls after the intervention with
gold kiwifruit or psyllium, some differences in microbiota composition may be associated
with the symptoms reported by the subjects. The heatmap in Figure 5.10 represents data
from the canonical correlation analysis between the faecal microbiota composition and
symptoms of subjects with constipation predominant FGIDs consuming gold kiwifruit or
psyllium. The heatmap representing the same parameters in controls consuming gold

kiwifruit or psyllium is not shown.

There were no attempts to correlate symptoms with the microbial gene abundance dataset,

as results from Chapter 4 showed weak associations between these parameters.

The relative abundance of the genera Phascolarctobacterium (r ranged between 0.51 and
0.59) and Dialister (r ranged between -0.52 and -0.72) were, respectively, positively and
negatively associated with diarrhoea, pain, reflux, nausea, epigastric pain, anxiety and
depression in subjects with constipation predominant FGIDs (Figure 5.11 A) but not in

controls (Figure 5.11 B), (Appendix Table V).

The relative abundance of the genus Subdoligranulum was negatively correlated to total
bowel movements and spontaneous bowel movements in faecal samples of subjects with
constipation predominant FGIDs (r ranged from -0.67 to -68) (Figure 5.11 A), and
controls (r ranged from -0.51 to -52) (Figure 5.11 B) (Appendix Table V).

The relative abundance of the genus Oscillibacter was negatively correlated to total bowel
movements (r=-0.60) and spontaneous bowel movements (r=-0.61) in faecal samples of
subjects with constipation predominant FGIDs (Figure 5.11 A) and to complete bowel

movements (r=-0.52) in faecal samples of controls (Figure 5.11 B) (Appendix Table V).
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Figure 5. 10: Heatmap of the correlations between the faecal microbiota composition at the genus level and patient recorded gastrointestinal and non-

PRO) of subjects with constipation predominant FGIDs (IBS-C or FC) consuming two gold kiwifruit

gastrointestinal symptoms (patient reported outcomes,

or psyllium daily over four weeks.
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Green and yellow colours are the mean relative genus abundances and PRO scores, respectively. Positive (red) or negative (blue) correlation index (r) at > 0.5 are shown.
PRO labels; G_D = GSRS Diarrhoea; G_I = GSRS Indigestion; G_C = GSRS Constipation; G_P = GSRS Pain; G_R = GSRS Reflux; S _Epi = SAGIS Epigastric
symptoms; S IBSD = SAGIS IBS and diarrhoea; S Acid = SAGIS Acid reflux; S Nau = SAGIS Nausea; S C = SAGIS Constipation; P Dep = PROMIS Depression;
P _Anx = PROMIS Anxiety; P Pain = PROMIS Pain; P Con = PROMIS Constipation; P_Dia = PROMIS Diarrhoea; P_Swal = PROMIS Swallowing difficulties;
P _Bloat = PROMIS Bloating; P Nau = PROMIS Nausea; P Ref = PROMIS Reflux; C TBM = CSBM Total bowel movement; C_Complete = CSBM Complete bowel
movement; C_S = CSBM Spontaneous bowel movement; C M = CSBM Manual evacuation techniques; C Lax = CSBM Laxative use; C-strain = CSBM Straining;
C_Bristol = CSBM Biristol stool index.
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Figure 5. 11: Canonical partial least squares correlations between the faecal microbiota composition
and recorded gastrointestinal symptoms in subjects with constipation predominant FGIDs (A) or
controls (B), consuming two gold kiwifruit or psyllium daily over four weeks.

Red lines indicate positive correlations and grey lines indicate negative correlations. Cut-off values for
positive or negative correlations were set at 0.5 and -0.5, respectively. PRO labels; P Anx = PROMIS
Anxiety; P Con =PROMIS Constipation; C TBM = CSBM Total bowel movement; C_Complete = CSBM
Complete bowel movement; C_S = CSBM Spontaneous bowel movement; G_D = GSRS Diarrhoea; G_P
= GSRS Pain; G_R = GSRS Reflux; S Epi = SAGIS epigastric symptoms; S IBSD = SAGIS IBS and
diarrhoea; S Nau = SAGIS Nausea; P_Dep = PROMIS Depression; P_Dia = PROMIS Diarrhoea; P_Nau
= PROMIS Nausea; P Ref = PROMIS Reflux.
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5.6 Discussion

This study is the first to report the effect of a sustained, habitual consumption of two gold
kiwifruit on the microbial taxonomic composition and gene abundances in faecal samples
of subjects with constipation predominant FGIDs (IBS-C or FC). Some differences in the
faecal microbial community composition and gene abundance profiles were identified

after the two dietary interventions.

The primary differences compared to baseline were the increased relative abundance of
taxa from the Bacteroides genus after the psyllium intervention and taxa from the
Eggerthella genus after the kiwifruit intervention in all subjects, independent of the
digestive health status. The daily consumption of psyllium for four weeks resulted in more
differences in the microbial gene abundance profiles in all subjects (constipation
predominant FGIDs and controls combined) in comparison to kiwifruit. However,
contrary to the stated hypothesis, there was no difference in composition and gene
abundance in faecal samples from subjects with constipation predominant FGIDs and

controls fed gold kiwifruit or psyllium.

5.6.1 Microbial taxonomic composition

Following the two dietary interventions, the primary differences compared to baseline
were the increased relative abundance of taxa from the Bacteroides genus after the
psyllium intervention, and taxa from the Eggerthella genus after the kiwifruit intervention
in all subjects, independent of the digestive health status. This finding agrees with the
reported increased relative abundance of taxa from the Bacteroides genus and
Bacteroidetes phylum in faecal samples of healthy subjects consuming diets high in
dietary fibre in numerous studies [649-651]. Conversely, the fermentation of green
kiwifruit digesta with human faecal microbiota for 18 hours decreased the relative

abundance of Bacteroides [349].

A previous study showed differences between the healthy and the FC groups, after
consuming a gold kiwifruit-derived supplement for four weeks, which increased the
abundance of Clostridiales in healthy subjects and the abundance of F. prausnitzii in FC
subjects [344]. In contrast, the current study showed no differences in the microbial

composition between healthy and constipated subjects after the two interventions.
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On the other hand, a higher relative abundance of taxa from the Eggerthella genus was
also reported after consuming non-starch polysaccharides by obese males for 10 weeks
[652] or red wine by healthy subjects for 20 days [653]. Red wine and kiwifruit are rich
in polyphenols, and members of the Coriobacteriaceae family, including the genus
Eggerthella, can produce bioactive metabolites from hydrolysis of several dietary
polyphenols [654]. This observation is corroborated by the increased relative abundance
of the family Coriobacteriaceae in subjects with prediabetes consuming gold kiwifruit
for 2 weeks compared to baseline [345]. The new family Eggerthellaceae was previously
considered bacterial genera within the Coriobacteriaceae tamily [655]. Therefore,
bacterial species described as polyphenol transformers have been regrouped within the

Eggerthellales order.

Many polyphenols in gold kiwifruit, such as chlorogenic acid, catechin, epigallocatechin,
and quercetin, demonstrated antioxidant and antibacterial properties against pathogenic
bacteria (Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus) in vitro

[656] as well as improve IBS symptoms [362, 657].

Furthermore, the numerical (non-significant) decrease in the relative abundance of E. coli
in all subjects (regardless of their digestive status) on the kiwifruit intervention provides
some support for a link to the polyphenol content of gold kiwifruit (Appendix Table T).
Therefore, it is plausible that consuming the whole gold kiwifruit (as opposed to without
the peel here), which has a greater polyphenol and flavonoid content in the peel than in
the flesh (12.8 mg/g vs. 2.7 mg/g) [656] could provide more marked effects on pathogenic

bacteria.

5.6.2 Microbial gene abundances

5.6.2.1 Carbohydrate metabolism

Increased abundance of microbial genes involved in metabolising bacterial capsular
polysaccharides (e.g., 3-deoxy-D-glycero-D-galacto-nononate 9-phosphate synthase) and
complex carbohydrates (e.g., heparan-a-glucosaminide N-acetyltransferase) in all
subjects (regardless of their digestive health status) consuming psyllium compared to
those consuming kiwifruit agreed with the increased relative abundance of taxa from the

Bacteroides genus. The gene encoding for the 3-deoxy-D-glycero-D-galacto-nononate 9-
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phosphate synthase is involved in the biosynthesis of the sialic acid 3-deoxy-D-glycero-
D-galacto-non-2-ulopyranosonate, which is abundant in capsular polysaccharides of
bacteria that belong to the Bacteroides genus [658]. Heparan-a-glucosaminide N-
acetyltransferase is involved in the degradation of glycosaminoglycans, high-priority
carbon sources for species from the Bacteroides genus, such as Bacteroides

thetaiotaomicron [659].

The Bacteroides genus is the most abundant in the colonic microbiota (~30%) and it
harbours a broad saccharolytic potential, with some strains able to metabolise several
different complex glycans [660]. In this regard, the utilisation hierarchy for Bacteroides
thetaiotaomicron showed that the host glycosaminoglycans heparin and heparan sulphate
are high-priority carbohydrates for them [661]. The Bacteroidetes phylum includes the
major glycan degraders of the colonic microbiota [659], as up to 20% of their genome is
dedicated to metabolising complex glycan in the form of genes primarily encoding
carbohydrate-active enzymes. These results suggest that the digestion-resistant
carbohydrates contained in psyllium may affect a larger part of the microbial community

than kiwifruit.

5.6.2.2 Carnitine metabolism

The consumption of gold kiwifruit increased the relative abundance of genes involved in
the carnitine, betaine and crotonobetaine metabolism, including those from the carnitine
operon, in all subjects (regardless of their digestive health status) compared to those
consuming psyllium. Carnitine can act as an osmoprotectant and/or osmolyte that bacteria
can use to protect against osmotic stress [662]. It maintains a high fibre fermentation
ability by the colonic microbiota and regulates levels of short-chain fatty acids (SCFAs)
in the cytosol and mitochondria [663], contributing to energy maintenance for the host.
De novo carnitine synthesis has not been confirmed in microbial species. Therefore
uptake of carnitine and its immediate precursors is critical [664]. Members of the
Enterobacteriaceae family, such as Salmonella and Proteus genera, and E. coli, can
metabolise carnitine via crotonobetaine to y-butyrobetaine in the presence of carbon and
nitrogen sources during anaerobic growth [662, 665], and use carnitine in an aerobic or
anaerobic environments for cellular functions (e.g., electron acceptor). In this regard, the

increased relative abundance of genes related to the microbial SEED function “electron-
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accepting reactions” in all subjects consuming gold kiwifruit supports this role of

carnitine.

The increased relative abundance of genes involved in carnitine metabolism could result
from an increased intake of vitamin C associated with consuming gold kiwifruit in all
subjects. Vitamin C is an important co-factor for many enzymes in various biological

functions, including L-carnitine biosynthesis [666].

5.6.2.3 Vitamin K metabolism

Many bacteria reported as menaquinone producers were observed to have a higher
relative abundance in subjects with constipation predominant FGIDs in Chapter 2. These
include the genera Veillonella and Enterobacter, and the species Lactococcus lactis,
Enterococcus faecalis, E. coli and Enterococcus faecium. However, consuming gold
kiwifruit did not change their abundances, which may have contributed to the increased
expression of genes involved in vitamin K2 biosynthesis (e.g., O-succinylbenzoate

synthase and menaquinone-specific isochorismate synthase).

Vitamin K quinones (menaquinones) are consumed in the diet and produced by the
colonic microbiota. These quinones can be synthesised via the classical menaquinone
pathway or the futalosine pathway [667]. The menaquinone-specific isochorismate
synthase generates isochorismate from chorismite, a key intermediate for menaquinone
ring biosynthesis in the first step of the classical pathway. Vitamin K quinone electron
carriers in bacterial respiration act as a reversible redox component of the electron transfer
chain and play a role in bacterial sporulation and cytochrome formation in some Gram-
positive bacteria [668]. Reduced menaquinones exhibit antioxidant properties and can

play a role in protecting cellular membranes from lipid oxidation [669].

5.6.3 Correlation between faecal microbiota composition and constipation

predominant FGID symptoms

The link between the faecal microbiota composition, GI symptoms and non-GI symptoms
was highlighted by the canonical correlation analysis for subjects with constipation
predominant FGIDs and control subjects consuming gold kiwifruit or psyllium. These
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associations differed between subjects with constipation predominant FGIDs and
controls, regardless of the intervention they consumed. As expected, there were more
significant correlations between microbial composition with GI and non-GI symptoms in

subjects with constipation predominant FGIDs than in controls.

Members of the Veillonellaceae family, such as Phascolarctobacterium and Dialister
genera, were positively and negatively associated with GI and non-GI symptoms,
including diarrhoea, pain, reflux, nausea, epigastric pain, anxiety and depression.
Conversely, these genera showed opposing correlations to inflammatory markers in

psoriasis [670] and major depressive disorders [671].

The opportunistic pathogenic genus Oscillibacter was negatively associated with total
and spontaneous bowel movements in subjects with constipation predominant FGIDs.
These results are consistent with Oscillibacter-like organisms being considered slow-
growing microbes and their negative association with mean faecal frequency [672] and
positive association with slow colonic transit time [673], constipation [674] and harder
faeces [675]. In addition, Oscillibacter produces valeric acid as its main metabolic end
product, a homolog of neurotransmitter y-aminobutyric acid, which abundance negatively
associates with depression [671, 676]. These findings support the link between the colonic

microbiota and health, including mental health.

Although the relative abundance of Oscillibacter and Dialister genera was increased in
subjects with constipation predominant FGIDs in Chapter 2, it did not differ after the
intervention phase compared to baseline and between the two interventions. Therefore,
the observed symptom improvement after the intervention with kiwifruit does not seem
to be specifically linked to the relative abundance of the genera Oscillibacter and

Dialister, nor the increased relative abundance of the genus Eggerthella.

Given the fact that the two interventions mostly affected microbial predicted functions
rather than microbial composition, it is plausible that the correlation between microbial

functional categories and symptoms might show more associations.
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5.6.4 Strengths and limitations

The major strength was the cross-over design of the PSYKI study, as it limited the effect
of inter-individual variation in the microbiota, which is physiologically observed in any
individual. Moreover, the participants did not alter their diet during the washout phase

and only took rescue medicine in an emergency.

The major limitation was the inability to blind subjects to the food interventions they were
receiving. Therefore, some bias may have introduced preconceptions related to the effect
of kiwifruit and/or psyllium on constipation. A further limitation of this study is that data
analysis was performed using a “complete-dataset” analysis instead of a “per-protocol”
or “intention-to-treat” analysis, which may have increased attrition bias. In addition,
excluding participants with missing samples or incomplete questionnaires in one or both

groups may have reduced the sample size and, thus, study power [629].

Part of the study design was that the participants consumed the kiwifruit without the skin,
limiting any effects observed to unpeeled fruit. However, this allowed more translatable
results, as people do not usually eat the skin [677]. Despite this, studies have shown that
whole-fruit consumption can have different effects on biological and clinical parameters
compared to the consumption of the flesh [343, 656]. For example, the consumption of
whole gold kiwifruit (including the skin) increases fibre, vitamin E, and folate contents
by 50%, 32% and 34%, respectively, and 30% of the total phenolic fraction comes from
the skin [678]. Therefore, the gold kiwifruit skin has a higher content of phenolics and
flavonoids and may result in greater antioxidant and antibacterial activity than the flesh

[656].

Other limitations relate to the collection and microbial structure of faecal samples [412].
Firstly, the inability to collect faecal samples into a nucleic acid stabiliser may have
affected the composition of the faecal microbiota. Freezing immediately the samples at -
80°C was not possible, as participants collected their samples at home and kept at -20°C
for up to 24 hours. Although this protocol is sub-optimal, it is the recommended process
to preserve microbial DNA for faecal samples not chemically preserved or immediately
frozen. Secondly, sample homogenisation is critical to reducing the intraindividual
variation to detect each component [514]. Faecal microbiota is a proxy of the microbiota
at the site of effects and may bias estimates as differences in microbial composition

between segments, lumen, mucosa and faeces have been reported [516-518]. Such
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information may be relevant for the evaluation of symptoms like nausea and diarrhoea in

IBS because of the overlap with small intestinal bacterial overgrowth.
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5.7 Conclusion

This study is the first to assess the impact of consuming two gold kiwifruit daily on
microbial composition and functional potential and (GI/non-GI) symptom parameters in
subjects with constipation predominant FGIDs and controls. The daily consumption of
two gold kiwifruit for four weeks increased the relative abundance of the Eggerthellaceae
family and the Eggerthella genus, while the intervention with psyllium increased the
Bacteriodaceae family and the Bacteroides genus in all subjects (constipation

predominant FGIDs and controls combined).

Despite only two taxa differences between the intervention with psyllium and kiwifruit,
a greater number of microbial functional genes were differentially abundant after the
intervention with kiwifruit or psyllium, in comparison to baseline, and between the two
interventions. These included many microbial genes involved in the metabolism of
carnitine and vitamin K2 biosynthesis in those fed gold kiwiftruit, or genes involved in
complex polysaccharide metabolism and genetic transcription and translation, in those
fed psyllium. Finally, a greater number of canonical correlations between symptoms and
microbial taxa was observed in constipation predominant FGID subjects compared to
controls, and particularly the opposite association of Phascolarctobacterium and
Dialister with GI (diarrhoea, reflux, nausea, epigastric pain) and non-GI symptoms

(anxiety and depression).

Overall, the differences in microbial composition and gene abundances suggest potential
health benefits for gold kiwifruit beyond the positive effects of laxation, which were
comparable to psyllium. Further studies are required to replicate these findings with the
whole gold kiwifruit (with the skin) to gain a deeper insight into the mechanisms of action
that may underlie these results. These studies will help to confirm and grow the evidence
for the gold kiwifruit as a food-based treatment for relieving constipation and GI
symptoms in subjects with constipation-predominant FGIDs, and for the support of GI

health in the general population.
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Chapter 6

General discussion
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6.1 Background

It is now accepted that disruption in composition and/or function of the colonic microbiota
contributes to functional gastrointestinal (GI) disorders (FGIDs), including irritable
bowel syndrome (IBS) (IBS-D: predominantly diarrhoea; IBS-C: predominantly
constipation) and their functional counterparts (FC: functional constipation; FD:
functional diarrhoea) [7]. Alterations in the colonic microbiota can reflect host lifestyle,
diet, microbiota-mediated immune responses and related blood biomarkers. However,
there are limited reports of associations between faecal microbiota, blood or tissue
immune cell expression and dysregulated gut-brain axis in FGIDs [224, 408, 602] and

few specific and sensitive biological markers of GI symptom severity [679].

Understanding the role of the colonic microbiota in immune-microbe interactions in
FGIDs is challenged by the multifactorial nature of these conditions and the complexity
and inter-individual variability of the colonic microbiota composition. Integrating
taxonomic and functional changes in the faecal microbiota and immune cell gene
expression changes with GI and non-GI symptoms might be an alternative approach to

identify signatures to better discriminate these disorders within subtypes or from controls.

The main hypotheses tested in this PhD dissertation were:

The combined analysis of the faecal microbiota composition, gene abundance, and
peripheral blood mononuclear cell (PBMC) transcriptome profile, along with the
integration of these biological datasets with GI and non-GI symptoms, provide more
accurate discrimination of FGIDs within subtypes or FGIDs from healthy controls

(controls) than the analysis of each dataset alone.

Changes in the faecal microbiota compositional and gene abundance profiles occurring
in constipation predominant FGIDs (IBS-C or FC) and controls are different after
consuming two gold kiwifruit or a fibre-match intervention (psyllium) daily for four

weeks, and these changes are associated with GI and non-GI symptoms.

The main aims of this PhD dissertation were:
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Characterise faecal microbial signatures in subjects with different FGID subtypes and

controls to predict microbiota-mediated pathways underlying these disorders (Chapter 2).

Characterise PBMC gene expression patterns in subjects with different FGID subtypes
and controls to determine whether subtype-specific profiles are linked to microbial

changes (Chapter 3).

Integrate the microbiota taxonomic composition, immune gene expression and GI and
non-GI symptom datasets from subjects with FGIDs and controls to identify potential
relationships between variables and better understand the host-microbe interactions

underlying the phenotype of constipation or diarrhoea predominant FGIDs (Chapter 4).

Evaluate a classification model of FGIDs by analysing the receiver operating
characteristic (ROC) curve and area under the curve (AUC) of selected microbial
composition, PBMC genes and GI and non-GI symptoms to distinguish between FGID
subtypes and controls or within FGID subtypes. (Chapter 4).

Determine the effect of the daily consumption for four weeks of two gold kiwifruit or
psyllium, which are known to relieve constipation symptoms, on the microbial taxonomic
and gene abundance profiles of subjects with constipation predominant FGIDs (IBS-C or

FC) and controls (Chapter 5).

The investigation of the immune-microbe interactions underlying FGID pathophysiology
in Chapters 2, 3 and 4 relied on data obtained from the ‘Christchurch IBS Cohort to
Investigate Mechanisms For Gut Relief and Improved Transit’ (COMFORT) cohort. The
data from 315 controls and participants with FGIDs were analysed as part of this PhD
dissertation. Shotgun metagenomic sequencing of faecal DNA samples and mRNA-
sequencing of PBMC samples were undertaken. Differences in the microbiota (taxonomic
and gene abundance) and PBMC gene expression were determined using the R

programme in Chapters 2 and 3.

In Chapter 4, GI and non-GI symptom data were correlated and integrated with biological
datasets (microbial composition and PBMC gene expression) using Data Integration
Analysis for Biomarker discovery using Latent cOmponents (DIABLO). The analysis

of the ROC curves and AUC were carried out with selected biological and symptom
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variables in Chapter 4 using one-vs-all comparisons to evaluate the predictor performance

of a proposed classification model of FGIDs.

Finally, in Chapter 5, 36 subjects with constipation predominant FGIDs and 37 controls
completed the PSYKI study, a 16-week randomised, single-blind, cross-over study, where
they received either two gold kiwifruits (2 /day) or psyllium (fibre-matched active control,
2.5g/day) for four weeks. The correlation of the microbiota taxonomic composition to GI
and non-GI symptoms in subjects with constipation predominant FGIDs and controls was

also performed.

6.2 Specific commonly altered microbial and immune

features in functional gastrointestinal disorders

The analysis conducted in Chapter 2 revealed that some microbial taxa and gene
abundances were commonly altered among FGID subtypes compared to controls (Figure

6.1). These changes included:

'] Increased or decreased relative abundance of taxa involved in hydrogen-

consuming and short-chain fatty acid (SCFA) production.

[] Increased relative abundance of taxa from the Proteobacteria phylum and

pathobionts.

'] Higher relative abundance of microbial genes involved in 2-ketogluconate and
tyrosine metabolism, secretion systems, and micronutrient (iron and copper)

utilisation.

Some microbial differences detected in the faecal samples of FGID subjects agreed with
previous findings reported in the literature, including increased relative abundance of
opportunistic bacteria from the Proteobacteria phylum [77, 79, 92, 474] and increased or
decreased relative abundance of taxa involved in cross-feeding interactions, including

hydrogen [83, 434] and SCFA metabolism [93, 448].

The increased relative abundance of hydrogen sulphide-producing microbes
(Desulphovibrionaceae family) in FGIDs agrees with published studies that show that

hydrogen sulphide accumulation plays a role in abdominal pain and motility disorders
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with dysbiosis [90]. In addition, changes in the relative abundance of hydrogen-
consuming microbes or hydrogen disposal pathways (acetogenesis, methanogenesis or
sulphate reduction) can affect gas accumulation in the colon [88, 437], which has been

associated with common symptoms of IBS (bloating and abdominal pain) [89].

Conversely, the relative abundance of taxa from the Methanobacteriaceae family
responsible for methane production was increased in subjects with constipation and
decreased in subjects with diarrhoea compared to controls. These findings agree with
other studies reporting an increased relative abundance of taxa from the
Methanobrevibacter genus in IBS-C [83] and FC [434] and a correlation between higher
exhaled methane levels, slower motility and faecal firmness [67, 81-84, 435]. Decreased
faecal relative abundances of methanogens have been linked to excess abdominal gas in
IBS-D subjects, suggesting their microbiota may lack a normal hydrogen removal
function [70, 71]. Despite this, no changes in the relative abundance of genes involved in
methane or sulphur metabolism were observed in subjects with constipation or diarrhoea.
The findings from Chapter 2 and published studies suggest either competition between
these taxa for hydrogen disposal [436] or greater fitness of some taxa that prefers a colonic

environment characterised by slow transit [87].

Similarly, the PBMC gene expression signatures of subjects with FGIDs suggest the
existence of common immune pathways underlying FGIDs (Figure 6.1). Overall, genes
commonly differently expressed or enriched across FGIDs included immunoglobulin (Ig)
variable domains and pathways related to innate and adaptive immunity and complement

system activation, respectively.

6.3 The microbial and immune signatures of the diarrhoea

phenotype

The diarrhoea predominant subtypes (FD+IBS-D), compared to controls, were associated
with a lower relative abundance of lactic acid bacteria and differences in the abundance
of genes involved in nitrogen fixation, and lactose fermentation. Overall, diarrhoea
predominant subtypes mostly showed a similar microbial taxonomic signature but a

dissimilar functional signature, as the gene abundance differences were attributable to
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significant changes in IBS-D rather than FD. A reason for this difference may be the

lower number of subjects with FD (16) in comparison to 57 subjects with IBS-D.

A higher relative abundance of the Peptostreptococcaceae family, including many
pathogenic anaerobic taxa [622] and the potential pathogen Clostridioides difficile, was
detected in samples of both IBS-D and FD subjects (Figure 6.1). The role of different
strains of C. difficile on the pathogenesis of IBS is unknown but their presence may
exacerbate existing symptoms due to their toxigenic nature [505]. Furthermore, the
interactions of the immune system and microbiota can restrict the ability of C. difficile to

expand in the colon, protecting against its effects [680].

A higher relative abundance of pathogenic (C. difficile and other pathobionts) and lower
abundance of protective protective (Bifidobacterium spp., Lactobacillus spp.,
Clostridium spp., and B. fragilis) species may create a pathogenic community, inducing
or worsening symptoms in diarrhoea. In the current study, the RNA abundance of PBMC
genes indicative of the activity of C. difficile, such as IL-22 [681], CXCL5 [682], IL-8
[683] and /L-23, which recruit neutrophils to the colon [681], was unchanged in IBS-D
and FD, compared to controls. These observations suggest that the higher abundance of
C. difficile in subjects with IBS-D and FD did not result in active infection but might

result from microbial dysbiosis.

The integration of the faecal microbiota composition, PBMC gene expression and
symptoms showed a strong positive correlation between the family
Peptostreptococcaceae, PBMC genes involved in innate immunity, neutrophil
degranulation and cellular apoptosis (the leucine-rich repeat kinase 2 LRRK?2 scored the
strongest positive correlations), and GI symptoms in the diarrhoea predominant group
(Figure 6.1). These findings may suggest an interplay between taxa from this family and
PBMC genes involved in the modulation of neutrophil activity. This hypothesis is
supported by a study showing that the faecal concentration of calprotectin (not measured
here), produced by activated neutrophils [192, 193], was highest in IBS-D, followed by
IBS-M and IBS-C [191].

238



Microbial and immune
signature specific to

FC

l

» T Pathobionts and faculatative
anaerobes

+ T Lactic acid bacteria
» | Anaerobic fermenters

+ T Virulence and stress response

» T IFN o/ signalling and
IFN-induced genes

+ T Platelet signalling,
differentiation and degranulation

« T Cytokine signalling

T

CONSTIPATION

PHENOTYPE
(IBS-C+ FC)

DIARRHOEA

PHENOTYPE
(IBS-D+ FD)

MICROBIOTA COMPOSITION AND GENE ABUNDANCE

+ T Faculatative anaerobes and
lactic acid bacteria

+ 1 Anaerobic fermenters

+ T Virulence and stress response

+ 1 IFN o/ signalling and
IFN-induced genes

+ T Platelet functions

+ T Cytokine signalling

+ T Proteobacteria and pathobionts
+ T | Hydrogen-metabolising taxa

* 1 L SCFA producers

« T Tyrosine metabolism

+ T Metabolism of 2-ketogluconate
+ T Secretion system

T Iron and copper utilisation

PBMC GENE EXPRESSION

* T Innate and adaptive immunity
» T Complement system activation

» T1g variable domains

+ | Lactic acid bacteria
« T C. difficile
« T Nitrogen fixation

» T Lactose fermentation

« T IgE and IgG receptor-mediated
processes

CORRELATION BETWEEN BIOLOGICAL AND SYMPTOM PARAMETERS

Oscillospiraceae

/N

Constipation
Bloating
Epigastric pain
Abdominal pain

RPS4Y1

Peptostreptococcaceae
+

Diarrhoea LRRK2

—»

Microbial gene
abundance specific to

IBS-D

239



Figure 6. 1: Overview of the most relevant findings obtained in this PhD thesis dissertation underlying FGID pathophysiology.

Chapter 2 (blue box) identified common and distinct microbiota profiles associated with constipation or diarrhoea phenotypes. When each FGID subtype was compared
to controls, a distinctive microbial signature discriminated FC from controls and from IBS-C, suggesting FC as a distinct condition rather than part of the IBS-C spectrum.
This finding was supported by findings obtained in Chapter 3 (green box), where the PBMC gene expression analysis showed that an increased expression of haemostatic
and IFN-induced genes characterised FC, but not IBS-C, from controls. Differentially expressed Ig variable domains were shared among constipation or diarrhoea
phenotypes. Increased expression levels of Ig variable domains associated with IgE/IgG receptor-mediated pathways characterised the immune signature of the diarrhoea
phenotype. The integrative analysis conducted in Chapter 4 (pink box), revealed that symptoms related to diarrhoea were strongly positively associated with the
Peptostreptococcaceae family and PBMC genes involved in neutrophil degranulation and cellular apoptosis, where the LRRK2 gene scored the strongest positive
correlation. Symptoms of constipation (constipation, epigastric pain, abdominal pain, and bloating) were strongly positively associated with the family Oscillospiraceae
family and negatively associated with the PBMC gene RPS4Y. Lines between variables indicate positive (+) or negative (-) correlations. RPS4Y: Y-chromosome—encoded

minor histocompatibility antigen; LRRK?2: leucine rich repeat kinase 2.
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6.4 Functional constipation had a distinctive microbial and

immune signature

In agreement with the literature [417, 684], the constipation phenotype (FC+IBS-C),
compared to controls, was associated with a higher relative abundance of gram-negative
aerobes, facultative anaerobes, and opportunistic bacteria from the y- and 6-
Proteobacteria classes (Enterobacteriaceae family, Salmonella enterica and Escherichia
coli), along with a lower relative abundance of butyrate-producers and obligate
fermenters (Bacteroidia and Clostridia classes). This finding was supported by an
increased relative abundance of genes involved in gaining energy from alternative sources
(2-ketogluconate and ethanolamine), virulence, plasmids, and micronutrient metabolism
(Figure 6.1). However, when the subtypes were individually compared to controls, most
gene abundance differences were attributable to significant changes in subjects with FC

(n= 42) rather than those with IBS-C (n= 30).

These changes might provide an adaptive advantage to facultative anaerobes and
opportunistic bacteria to adhere and compete for host resources. For example, species
from the Enterobacteriaceae family (S. enterica and E. coli) can use ethanolamine as an
alternative nitrogen source during anaerobiosis [482, 483], and many gram-negative
aerobes and facultative anaerobes, can use non-glycolytic pathways for creating ATP (2-

ketogluconate metabolism). In contrast, obligate anaerobes mainly use glycolysis [452].

Moreover, the increased abundance of microbial genes involved in the synthesis of iron
chelators and copper detoxification in FC suggests the involvement of the host immune
response to starve pathogens of essential metals or kill bacteria with the antimicrobial

properties of copper.

These observations highlight a potential dysbiotic colonic environment in subject with
FC, where the ability of opportunistic bacteria and facultative anaerobes to use alternative
carbon sources would confer a competitive growth advantage on obligate fermenters and
favour the spread of fitness, virulence, and reassorted plasmid-encoded genes between

pathogens and commensals [685].

The relative abundance of mucin-degrading bacteria [686], including E. coli,
Akkermansia muciniphila and taxa from the Clostridia class (e.g., Oscillospiraceae

family, Lachnoclostridium genus and Ruminococcus torques) was increased in FC
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subjects in the current study. An abnormal increase in their abundance may reduce the
mucus layer thickness of the colonic epithelium, possibly contributing to impaired barrier

function, increased pathogen susceptibility and inflammation [154].

This distinctive microbial signature in subjects with FC was supported by the data
presented in Chapter 3 (Figure 6.1), where differentially expressed PBMC genes in
subjects with FC reflected the microbiota-mediated immune activation in FC. These
genes (e.g., Ig light chain genes, IFN-induced genes, IFN-regulatory factors and other
genes) were implicated in pathways related to interferon IFN o/p signalling, cytokine
release, complement system activation and platelet function. It is possible that pathogenic
bacteria secretion systems, injecting bacterial products into the host’s cells (e.g.,
flagellin), may trigger the IFN o/p pathways, and the increased expression of IFN-induced
PBMC genes. Elevated titres of circulating antibodies to bacterial products and

pathogenic bacteria have been previously detected in subjects with IBS (subtype not

mentioned) [128] and FC [417].

In addition, many genes encoding for molecules contained in platelet o granules and
surface markers of platelet activation had higher expression levels in FC than controls.
The enrichment in many pathways linked to haemostasis could be explained by platelets
forming aggregates with leukocytes in peripheral blood, especially during inflammatory
states [687, 688]. Alternatively, platelets, although anucleate, contain a complex
transcriptome of mRNA, miRNA, long noncoding RNA, pre-mRNA, and circular RNA
[689], which can be translated into proteins that influence platelet functional responses.
In this study, despite the platelets being removed during isolation, they may have

contaminated the PBMC pool.

The immune signature detected in FC may reflect a potential pathogen-driven subclinical
immune activation involving bacterial secretion systems, iron and copper metabolism,
virulence, and immune system evasion. These observations validate treating IBS-C and
FC as distinct disorders [690-694]. This finding is supported by previous evidence
suggesting different pathophysiologic mechanisms in FC and IBS-C, which are not
expected to be parts of a single continuum [695, 696]. However, as no symptoms reliably
separate IBS-C from FC, other studies suggested that IBS-C and FC may be parts of a

spectrum, with differences based on symptom severity, such as the absence or presence
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of abdominal pain [697, 698]. The 2016 update to Rome IV improved the separation
between FC and IBS-C, introducing higher thresholds for abdominal pain in IBS-C [699].

The integration of the microbiota taxonomic composition with PBMC genes and
symptoms showed that there was a strong positive correlation between the family
Oscillospiraceae, the PBMC gene ribosomal protein S4 Y-Linked 1 (RPS4Y) and
constipation symptoms (constipation, bloating, epigastric pain and abdominal pain) in
subjects with constipation predominant FGIDs (Figure 6.1). Results from Chapter 2
showed that the relative abundance of the Oscillospiraceae family was increased in
subjects with constipation predominant FGIDs, but not in subjects with diarrhoea
predominant FGIDs, compared to controls. Genera belonging to this family, such as
Oscillibacter [612] and Oscillospira [613], have been negatively correlated with
defecation frequency. In particular, the Oscillospira genus was positively associated with
constipation and slow colonic transit times and negatively associated with Bristol stool
scale [614]. The slow-growing nature of Oscillospira species could help explain why their
relative abundances have been strongly positively linked to constipation symptoms in the

current study and methane production in women with FC [88].

As reported in the literature [84], these findings suggested that the overgrowth of slow-
growing bacteria, such as methanogens and members of the Oscillospiraceae family, may
play a role in aggravating constipation in subjects with constipation, especially FC.
Overall, there was a distinctive microbial and immune signature discriminating FC from
IBS-C and FC from controls, suggesting that IBS-C and FC may be different disorders
rather than parts of a spectrum. Furthermore, integrating these datasets with GI symptoms
supports a potential role for the Oscillospiraceae family in constipation predominant

subjects.

6.5 Symptoms most accurately discriminate functional
gastrointestinal disorders subtypes, except functional

constipation

An integrative analysis was performed to explore correlations between microbiota
composition, PBMC gene expression and GI and non-GI symptom datasets, using highly

correlated parameters to best discriminate within constipation predominant and diarrhoea
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predominant subtypes and from controls. A list of variables from each dataset (microbiota
composition, PBMC gene and symptom datasets) were computationally selected into
three “biomarker” Panels by DIABLO to maximise the value of the correlations between

variables.

The ROC curve and AUC analyses were used to determine which variable selection from
microbial, PBMC and symptoms datasets best discriminated each subtype from others
and from controls. The analyses compared one FGID subtype to all other groups, or the

control group to all the FGID subtypes.

The analysis of the ROC curve and AUC showed that subjects with IBS-C and FC can be
discriminated accurately from those without by selected PBMC genes involved in
cytokine, haem and WNT signalling, or selected PBMC genes involved in neutrophil

degranulation, innate immune system and apoptosis.

In particular, a combination of selected PBMC genes discriminated FC from those
without with better diagnostic accuracy than selected GI and non-GI symptoms or
microbial taxa. In addition, IBS-C was the only subtype that could be discriminated
accurately from those without by a combination of selected taxa from the
Peptostreptococcaceae,  Methanobacteriaceae, Lachnospiraceae  families, the

Bacteroidia class and Clostridiales order.

IBS-C and IBS-M were accurately discriminated from those without using different
combinations of selected symptoms ((constipation, belly pain, bloating and epigastric
pain), (constipation, belly pain, bloating and anxiety) or (diarrhoea and depression)).
Conversely, subjects with IBS-D and FD were accurately discriminated from those

without only one symptom combination (diarrhoea and depression).

These findings agree with IBS-C subjects having more frequent belly pain, epigastric pain
and bloating than IBS-D subjects [700]. In addition, depression levels were reported to
be higher in IBS-C, IBS-D and IBS-M, and anxiety levels to be higher in IBS-C and IBS-
M [701].

Except for FC, combining selected GI and non-GI symptoms remains the most accurate
way to discriminate among FGID subtypes or FGID subtypes from controls than selected
PBMC genes or microbial taxa. These findings confirmed that FC might have a distinctive

immune signature underlying its pathophysiology.
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6.6 Microbial taxonomic and functional changes after gold

Kiwifruit or psyllium intervention

The composition and functional potential analysis of the faecal microbiota of FGID and
control subjects of the PSYKI study showed no differences in the microbial taxonomic
composition or gene abundance between FGID subjects and controls. Not many
taxonomic differences were detected between subjects consuming gold kiwifruit or
psyllium or between each intervention compared to their pre-intervention levels,

regardless of the digestive health status of the subjects.

Only the relative abundance of taxa from the genus Bacteroides increased after the
intervention with psyllium. The Bacteroides genus harbours harbour a broad
saccharolytic potential [660]. Subjects consuming psyllium also showed a higher
abundance of microbial genes involved in the complex carbohydrate and capsular
polysaccharide metabolism, genetic transcription and translation, and signal transduction
compared to their pre-intervention levels or subjects consuming kiwifruit. Since
Bacteroides is one of the most abundant genera in the microbial community, these results
suggest that psyllium can significantly impact on the microbial community. The

abundance of Bacteroides was reported to increase with diets high in fibre [649-651].

However, fibre content cannot explain the increased abundance of this genus after the
intervention with psyllium but not after the intervention with gold kiwifruit, as the two
interventions were fibre-matched. A possible explanation is that psyllium and gold
kiwifruit contain different fibre types. Psyllium contains 70% of soluble fibre and 30%
of insoluble fibre, while the gold kiwifruit contains 30% of soluble fibre (pectic
polysaccharides) and 70% of insoluble fibre (cellulose/hemicellulose) [325, 702]. In
comparison to insoluble fibre, soluble fibre can be easily accessed and fermented by the
colonic microbiota. Conversely, most insoluble dietary fibres, such as cellulose and hemi-
cellulose, are generally poorly fermented by colonic bacteria but increase faecal bulk and

GI transit time, likely reducing the time available for colonic bacterial fermentation [703].

In contrast, the relative abundance of taxa from the Eggerthella genus increased with the
kiwifruit intervention, similar to when subjects consumed dietary polyphenols [654].

Furthermore, the main polyphenols in the gold kiwifruit were recently shown to exert
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antioxidant [704, 705] and antibacterial properties against many pathogenic bacteria,
including E. coli [656, 705]. Kiwifruit consumption also increased the abundance of

microbial genes involved in carnitine metabolism and vitamin K2 biosynthesis.

Despite only two taxa differences between the intervention with psyllium and kiwifruit,
a greater number of microbial functional genes were differentially abundant after the
intervention with psyllium or kiwifruit, in comparison to baseline, and between the two
interventions. Many taxonomic differences could have been at the strain level and,

therefore, not detectable using shotgun metagenomic sequencing.

Considering that improvements in GI symptom parameters were observed in the PSYKI
study [645], the faecal microbiota may not be the main parameter driving or associated
with symptom relief with interventions in subjects with constipation. Alternatively,
excluding participants with missing samples or incomplete questionnaires from one or
both groups may have reduced the sample size and thus study power, as significant results
were only obtained when constipated subjects and controls were analysed, regardless of
their digestive health status. The sample size could have been not large enough to detect
differences in microbial composition but enough to detect differences in Gl/non-GI

symptoms.

Integrating symptoms with microbial signatures from subjects with constipation or
controls of the PSYKI study confirmed some of the findings observed in the multi-dataset
integrative analysis (Chapter 4) and provided new information. In particular, the relative
abundance of the genus Oscillibacter was negatively correlated to bowel movements in

subjects with constipation predominant FGIDs and controls.

On the other hand, symptoms reported by the participants of the PSYKI study, including
diarrhoea, pain, reflux, nausea, epigastric pain, anxiety and depression, were positively
associated with the genus Phascolarctobacterium and negatively associated with the
genus Dialister in subjects with constipation predominant FGIDs but not in controls. This

finding is novel.

6.7 Strengths and limitations
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The current study has several strengths. The COMFORT cohort was a well-defined study
of FGID and controls, which generated over 300 samples with rigorous
inclusion/exclusion criteria, a clinical interview by a gastroenterologist, and
questionnaires of GI and non-GI symptoms, dietary information, demographic
information, and psychological variables. Enrolment processes ensured the completion of
the questionnaires, efficient return of biological samples, and close timing of data
collection. In addition, the COMFORT cohort included dietary assessment and
characterisation of microbial and immune signatures of FGIDs other than IBS, which has

been mostly ignored in other cohorts.

Shotgun metagenomic analyses of microbial DNA extracted from faecal samples allowed
the investigation of the composition and functional potential of the microbiota. These
analyses provided data on community structure and diversity, new taxa and genes, and
insights into the metabolic pathways potentially encoded in the microbial community of
subjects with FGIDs. This knowledge helped to identify potential pathways and markers
of dysbiosis discriminating within FGID subtypes and between FGIDs and controls.
These data could not be gained using a 16S ribosomal RNA analysis, which does not

provide information on the functional capability of the colonic microbiota.

Moreover, using PBMCs in the RNA gene expression analysis was an advantage,
providing a more representative cellular pool compared to ex vivo models or human cell
lines, which may have limitations in predicting in vivo responses, thus representing the

complexity of FGIDs.

An additional strength was the cross-over design of the PSYKI study, as it limited the
effect of inter-individual variation in the faecal microbiota, which is physiologically
observed in any individual. Finally, other studies only investigated changes in the
microbiota composition after the kiwifruit (gold or green) intervention, while the current

study analysed the microbiota composition and gene abundance changes.

6.7.1 Limitations due to study design and inclusion and exclusion factors

The COMFORT study was a human observational study broadly comparable with other
IBS cohorts and the general population, relatively small once uncontrolled diets, living

conditions, ethnicity and cultural background are considered and limited to measurement
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at a one-time point. Another limitation is the exclusion of participants unable to restrict
laxative use during the week before sample collection. Other limitations included a cohort

predominantly composed of female participants, reducing the generalisability of results.

For the PSYKI study, the inability to blind the subjects to the food intervention might
have biased the results due to potential preconceptions about the effects of kiwifruit
and/or psyllium on constipation. Another limitation was that subjects consumed the
kiwifruit without the skin. However, other studies have shown that whole-fruit
consumption can have different effects on biological and clinical parameters compared to
the consumption of the flesh only [343, 656]. In particular, phenolics and flavonoids are
more abundant in the peel than in the flesh, resulting in greater antioxidant and
antibacterial properties against many pathogenic bacteria, including E. coli [656]. This
finding can be particularly relevant for the results reported in Chapter 5, as the abundance
of bacteria with a potential role in FGIDs, including Eggerthella and E. coli, could have

been more strongly affected if the fruit had been consumed with the skin.

6.7.2 Limitations related to sample collection

Faecal samples were collected to analyse the microbiota composition and gene
abundances. However, faecal samples are a proxy for the colonic microbiota and are not
fully representative of the microbiota at the site of disease, and do not provide information
about the localisation of the microbiota differences (e.g., ascending vs. descending colon,
luminal vs. associated to the colonic epithelium, small intestine vs. colon). Moreover, the
overlap with other clinical conditions in IBS, such as bacterial overgrowth in the small
intestine, may affect the composition of the faecal microbiota, potentially introducing

some bias.

In addition, the impossibility to collect faecal samples into a nucleic acid stabiliser may
have affected the composition of the faecal microbiota. Freezing immediately the samples
at -80°C was not possible, as participants collected their samples at home and kept at 4°C
for up to 24 hours. This is the recommended process to preserve microbial DNA for faecal

samples not chemically preserved or immediately frozen.
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6.7.3 Limitations related to laboratory and data analytical procedures

Limitations in DNA extraction and sequencing protocols may affect the representation of
different species in the extracted DNA samples, possibly leading to erroneous estimates
of taxonomic diversity. For example, the faecal microbiota is unequally distributed within
a faecal sample, and the homogenisation of the sample can perturb faecal biostructure and
reduce the intraindividual variation in the detection of each faecal microbiota component
[514]. Moreover, microbial samples can be highly heterogeneous, with high variation in
microbial composition between subjects and over time, making the identification of
patterns and associations in metagenomic data challenging. The variability from
individual lab members processing samples may affect the accuracy and reliability of
experimental results. Several factors contribute to this variability, including different
skills or protocol adherence of lab members, sample handling and lab environmental
conditions. Despite the significance of this variability depends on the specific
experiments conducted, it is worth to be mentioned as a potential limitation, as PBMC
samples were processed in different labs. In addition, there are some limitations regarding
metagenomic analyses, such as potential errors in taxonomy and annotations, as
taxonomic classifications are always changing and updating. Databases can be
incomplete or biased towards certain microbial taxa, making the reads often
“unclassified” at any taxonomic level. This can lead to inaccurate taxonomic assignments
and functional predictions. The main underlying reason is that the current classification
has been limited to pure cultures, although most microorganisms cannot yet be cultured

in laboratory settings and remain uncharacterised [706].

Similarly, differences in other low-abundance taxa or individual bacterial strains may not
be detected, as non-stringent similarity thresholds can result in distinct subspecies being
assigned to the same strain. This observation would have been relevant for discriminating
different E. coli strains, including several potentially pathogenic strains with different
virulence genes. Low gene count in metagenomic data can be caused by various factors,
including low sequencing depth, poor quality of sequencing reads, incomplete reference
databases, low abundance of certain microbial taxa, and the complexity of microbial

communities. For these reasons, the statistical power and metagenomic data interpretation
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can be challenging, requiring careful statistical analyses to avoid false positive and false

negative results.

Other potential limitations include that data pre-processing steps, quality filtering, adapter
trimming, and read merging, can introduce biases and errors in the data. Moreover, the
accuracy and reliability of the results can be affected by the choice of software and
computational parameters used. Finally, result interpretation can be subjective and

affected by the assumptions and biases of the analysis method chosen.

Although PBMC:s provide a valuable insight into the immune status at the systemic level,
they may not be entirely suitable for investigating low-grade inflammation in FGIDs. This
is due to the fact that PBMCs may not fully reflect a potential sub-clinical inflammation

in the colon, which could be hard to detect at the systemic level.

The main limitation of microbial and PBMC gene abundance data is that they cannot
predict protein levels in many cases, reflecting the differential activity of mechanisms
involved in the temporal delay between transcription and protein production. These
processes include mRNA maturation, export, and translation [591-593]. Furthermore,
transcriptional silencing and repression in bacteria [512, 513], which are ways to control
gene expression [707, 708], may also affect the analysis of microbial functionality. In
addition, microbes can also interfere with the expression of PBMC microRNAs to modify
immune signalling, autophagy, or apoptotic machinery, evading the defence mechanisms

of host cells.
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6.8 Future perspectives

Metagenomic data provides comprehensive information regarding the structure and
functional potential of the microbial community, as shown in this PhD dissertation.
However, metagenomic data analysis is complicated by the presence of closely related
microbes with similar genomes, and it is insufficient to detect low-abundance taxa or
separate of individual bacterial strains. In addition, quantifying strain-level variation is

challenging, as very few species genomes have been sequenced.

Various approaches and analytical pipelines were created to overcome these problems
[709]. For example, metagenomic assembly isa computational process aiming at
reconstructing genes and genomes from metagenomic mixtures after deep sequencing
[709, 710]. MetaSPAdes [711], Ray Meta [712], and MEGAHIT [713] are the most
popular genome assembly algorithms. While a sequencing depth of 5-10 million reads
per sample is usually sufficient for taxonomic profiling and functional annotation in
human faecal metagenomic samples, new studies showed that deep sequencing (>20
million reads per sample) would be required to detect low-abundant taxa (<0.1%
abundance) and to identify novel strains [714, 715]. Future studies using these algorithms
would be needed to identify the involvement of specific bacterial strains, providing more

resolution at the species level.

Although some bacteriophages and viruses showed differential abundance between
FGIDs and controls in the current study, the DNA extraction protocol, sample preparation
method, and bioinformatics pipelines were not optimised for these microorganisms. As a
result, there are limited data about the faecal viral composition in subjects with FGIDs;
some studies have reported viral clusters with differential abundance between IBS

subjects and controls [716, 717]. These findings indicate the need for future research.

The next steps could include single-cell transcriptomics on PBMCs, or FACS-sorting
different PBMC immune cell subtypes prior to RNA sequencing, to analyse their
transcriptomes individually and better understand the role of specific immune cell
subtypes in FGIDs. Other analyses could include the transcriptome of immune cells from
mucosal samples instead of PBMCs, and extending the analyses to the immune cells not

found in the buffy coat, such as granulocytes and platelets.
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Future advancements would be required regarding the integration of multiple datasets.
While informative, the analysis using the ROC curve and AUC used in this research is a
single dataset analysis and does not integrate multiple datasets. Future analyses are
needed to integrate microbial and immune data with other biological datasets of the
COMFORT cohort that have been generated by former PhD Students in the wider
programme: Dr Phoebe Heenan (diet, symptoms, SCFAs, colonic tissue gene expression),
Dr Shanalee James (faecal and plasma metabolome, faecal bile acids and plasma amino
acids) and other researchers (plasma neurotransmitters). This integrative analysis would
allow the identification of additional correlations and increase the accuracy of FGID

discrimination within subtypes or compared to controls.

Correlations between biological parameters and symptoms have been identified in the
current study, validating findings from other studies [88, 613, 614, 698, 622]. A challenge
for future research is determining the causal relationships in such interactions. This
research could be achieved by manipulating the microbiota with germ-free, gnotobiotic,

xenografted and murine disease models.

As subjects in the PSYKI study consumed the kiwifruit without the skin, further studies
are required to test the benefits of the whole kiwifruit (with the skin). Providing standard
meals to the participants for the two weeks prior to sample collection would help elucidate
the effect of food on FGID symptoms and the microbiota in subjects with FGIDs.

However, intervention studies like this may be quite expensive.

Moreover, combining microbial data with symptoms and physiological measurements,
such as transit time and gas volume in various segments of the GI tract, could give further

insight into how transit time can affect microbial composition and the host phenotype.

Finally, replicating a long-term intervention beyond a month to a year with longitudinal
sampling would elucidate if the effects observed in the PSYKI study would remain. This
data would grow the evidence for the gold kiwifruit as a food-based treatment to relieve

constipation and GI and non-GI symptoms.
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6.9 Concluding remarks

The research in this PhD dissertation highlighted the value of using a systems biology
approach to gain mechanistic insights into the microbiota-immune-mediated pathways
underlying the phenotype of FGIDs. The characterisation of the faecal microbiota and the
PBMC transcriptome from subjects with FGIDs, and the integration of these datasets with
GI- and non-GI-symptoms emphasised the potential interactions and mechanisms that
may be important in the pathophysiology of FGIDs. These findings advanced the current
knowledge in the field and provided future directions for continuing research on FGIDs.
The research also highlighted the value of using a systems biology approach to gain
mechanistic insights into the microbiota-immune-mediated pathways underlying the
phenotype of FGIDs. Finally, as diet plays an important role in modulating microbiota
and immune competence, these findings could lay the groundwork for developing
nutritional approaches with clinically validated efficacy applicable to the general

population.

253



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Schulberg, J. and P. De Cruz, Characterisation and therapeutic manipulation of the gut
microbiome in inflammatory bowel disease. Internal Medicine Journal, 2016. 46(3): p.
266-273.

Sender, R., S. Fuchs, and R. Milo, Revised Estimates for the Number of Human and
Bacteria Cells in the Body. PLOS Biology, 2016. 14(8): p. €1002533.

Fava, F. and S. Danese, Intestinal microbiota in inflammatory bowel disease: Friend of
foe? World Journal of Gastroenterology : WIG, 2011. 17(5): p. 557-566.

Kashyap, P.C., et al., Complex Interactions Among Diet, Gastrointestinal Transit, and Gut
Microbiota in Humanized Mice. Gastroenterology, 2013. 144(5): p. 967-977.

Louis, P., et al., Understanding the effects of diet on bacterial metabolism in the large
intestine. Journal of Applied Microbiology, 2007. 102(5): p. 1197-1208.

Chistiakov, D.A., et al., Intestinal mucosal tolerance and impact of gut microbiota to
mucosal tolerance. Frontiers in Microbiology, 2014. 5: p. 781.

Enck, P., et al., Irritable bowel syndrome. Nature reviews. Disease primers, 2016. 2: p.
16014-16014.

Schmulson, M.J. and D.A. Drossman, What Is New in Rome [V. Journal of
neurogastroenterology and motility, 2017. 23(2): p. 151-163.

Choung, R.S. and G.R. Locke, Epidemiology of IBS. Gastroenterology Clinics of North
America, 2011. 40(1): p. 1-10.

Ford, A.C. and N.J. Talley, Mucosal inflammation as a potential etiological factor in
irritable bowel syndrome: a systematic review. Journal of Gastroenterology, 2011. 46(4):
p. 421-431.

Rajili¢-Stojanovié, M., et al., Intestinal Microbiota And Diet in IBS: Causes, Consequences,
or Epiphenomena? The American Journal of Gastroenterology, 2015. 110(2): p. 278-287.
DuPont, H.L., Review article: evidence for the role of gut microbiota in irritable bowel
syndrome and its potential influence on therapeutic targets. Alimentary Pharmacology
& Therapeutics, 2014. 39(10): p. 1033-1042.

Heizer, W.D., S. Southern, and S. McGovern, The Role of Diet in Symptoms of Irritable
Bowel Syndrome in Adults: A Narrative Review. Journal of the American Dietetic
Association, 2009. 109(7): p. 1204-1214.

Talley, N.J., Functional gastrointestinal disorders as a public health problem.
Neurogastroenterology & Motility, 2008. 20(s1): p. 121-129.

Lacy, B.E. and N.K. Patel, Rome Criteria and a Diagnostic Approach to Irritable Bowel
Syndrome. Journal of Clinical Medicine, 2017. 6(11).

Aziz, ., et al., The Prevalence and Impact of Overlapping Rome IV-Diagnosed Functional
Gastrointestinal Disorders on Somatization, Quality of Life, and Healthcare Utilization: A
Cross-Sectional General Population Study in Three Countries. Official journal of the
American College of Gastroenterology | ACG, 2018. 113(1).

Sadeghi, A., M. Biglari, and S. Nasseri Moghaddam, Post-infectious Irritable Bowel
Syndrome: A Narrative Review. Middle East journal of digestive diseases, 2019. 11(2): p.
69-75.

Quigley, E.M., Overlapping irritable bowel syndrome and inflammatory bowel disease:
less to this than meets the eye? Therap Adv Gastroenterol, 2016. 9(2): p. 199-212.
Drossman, D.A. and W.L. Hasler, Rome IV—Functional Gl Disorders: Disorders of Gut-
Brain Interaction. Gastroenterology, 2016. 150(6): p. 1257-1261.

Wu, J.C., Psychological Co-morbidity in Functional Gastrointestinal Disorders:
Epidemiology, Mechanisms and Management. Journal of neurogastroenterology and
motility, 2012. 18(1): p. 13-18.

254



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Simon, R.A., et al., On Functional Connectivity and Symptom Relief After Gut-directed
Hypnotherapy in Irritable Bowel Syndrome: A Preliminary Study. Journal of
Neurogastroenterology and Motility, 2019. 25(3): p. 478-479.

Everitt, H.A,, et al., Assessing telephone-delivered cognitive—behavioural therapy (CBT)
and web-delivered CBT versus treatment as usual in irritable bowel syndrome (ACTIB): a
multicentre randomised trial. Gut, 2019. 68(9): p. 1613-1623.

Zhou, C,, et al., Exercise therapy of patients with irritable bowel syndrome: A systematic
review of randomized controlled trials. Neurogastroenterology & Motility, 2019. 31(2):
p. el13461.

Kutak-Bejda, A., G. Bejda, and N. Waszkiewicz, Antidepressants for irritable bowel
syndrome—A systematic review. Pharmacological Reports, 2017. 69(6): p. 1366-1379.
Wong, R.K., et al., Inability of the Rome Il Criteria to Distinguish Functional Constipation
From Constipation-Subtype Irritable Bowel Syndrome. Official journal of the American
College of Gastroenterology | ACG, 2010. 105(10).

Ansari, R., et al., Comparison of colonic transit time between patients with constipation-
predominant irritable bowel syndrome and functional constipation. Indian Journal of
Gastroenterology, 2010. 29(2): p. 66-68.

Drossman, D.A., The Functional Gastrointestinal Disorders and the Rome Il Process.
Gastroenterology, 2006. 130(5): p. 1377-1390.

von Wulffen, M., et al., Overlap of Irritable Bowel Syndrome and Functional Dyspepsia
in the Clinical Setting: Prevalence and Risk Factors. Digestive Diseases and Sciences,
2019. 64(2): p. 480-486.

Jung, H.K., et al., Overlap of gastro-oesophageal reflux disease and irritable bowel
syndrome: prevalence and risk factors in the general population. Alimentary
Pharmacology & Therapeutics, 2007. 26(3): p. 453-461.

Aaron, L.A., M.M. Burke, and D. Buchwald, Overlapping Conditions Among Patients With
Chronic Fatigue Syndrome, Fibromyalgia, and Temporomandibular Disorder. Archives of
Internal Medicine, 2000. 160(2): p. 221-227.

Vege, S.S., et al., Functional Gastrointestinal Disorders Among People With Sleep
Disturbances: A Population-Based Study. Mayo Clinic Proceedings, 2004. 79(12): p.
1501-1506.

Kennedy, C.M., et al., Risk factors for painful bladder syndrome in women seeking
gynecologic care. International Urogynecology Journal, 2006. 17(1): p. 73-78.

Sperber, A.D., et al., Worldwide Prevalence and Burden of Functional Gastrointestinal
Disorders, Results of Rome Foundation Global Study. Gastroenterology, 2020.

Lovell, R.M. and A.C. Ford, Global Prevalence of and Risk Factors for Irritable Bowel
Syndrome: A Meta-analysis. Clinical Gastroenterology and Hepatology, 2012. 10(7): p.
712-721.e4.

Jones, M.P., et al., A biomarker panel and psychological morbidity differentiates the
irritable bowel syndrome from health and provides novel pathophysiological leads.
Alimentary Pharmacology & Therapeutics, 2014. 39(4): p. 426-437.

Kim, Y.S. and N. Kim, Sex-Gender Differences in Irritable Bowel Syndrome. Journal of
neurogastroenterology and motility, 2018. 24(4): p. 544-558.

Menon, R, et al., Diet Complexity and Estrogen Receptor 8 Status Affect the Composition
of the Murine Intestinal Microbiota. Applied and Environmental Microbiology, 2013.
79(18): p. 5763-5773.

Gralnek, I.M., et al., The impact of irritable bowel syndrome on health-related quality of
life. Gastroenterology, 2000. 119(3): p. 654-60.

Frank, L., et al., Health-related quality of life associated with irritable bowel syndrome:
Comparison with other chronic diseases. Clinical Therapeutics, 2002. 24(4): p. 675-689.

255



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Chaudhary N.A, T.S.C., The irritable colon syndrome. A study of the clinical features,
predisposing causes, and prognosis in 130 cases. The Quarterly Journal of Medicine,
1962. 31: p. 307-22.

Gwee, K., et al., The role of psychological and biological factors in postinfective gut
dysfunction. Gut, 1999. 44(3): p. 400-406.

McKendrick, M.W. and N.W. Read, Irritable bowel syndrome—post salmonella infection.
Journal of Infection, 1994. 29(1): p. 1-3.

Neal, K.R., J. Hebden, and R. Spiller, Prevalence of gastrointestinal symptoms six months
after bacterial gastroenteritis and risk factors for development of the irritable bowel
syndrome: postal survey of patients. BMJ : British Medical Journal, 1997. 314(7083): p.
779-782.

Parry, S.D., et al., Does bacterial gastroenteritis predispose people to functional
gastrointestinal disorders? A prospective, community-based, case—control study.
American Journal Of Gastroenterology, 2003. 98: p. 1970.

Moss-Morris, R. and M. Spence, To “Lump” or to “Split” the Functional Somatic
Syndromes: Can Infectious and Emotional Risk Factors Differentiate Between the Onset
of Chronic Fatigue Syndrome and Irritable Bowel Syndrome? Psychosomatic Medicine,
2006. 68(3): p. 463-469.

Bassotti, G., et al., Clostridium difficile-related postinfectious IBS: a case of enteroglial
microbiological stalking and/or the solution of a conundrum? Cellular and Molecular Life
Sciences, 2018. 75(7): p. 1145-1149.

Wadhwa, A., et al., High risk of post-infectious irritable bowel syndrome in patients with
Clostridium difficile infection. Alimentary Pharmacology & Therapeutics, 2016. 44(6): p.
576-582.

Wang, L.H., X.C. Fang, and G.Z. Pan, Bacillary dysentery as a causative factor of irritable
bowel syndrome and its pathogenesis. Gut, 2004. 53(8): p. 1096-1101.

Marshall, J.K., et al., Incidence and Epidemiology of Irritable Bowel Syndrome After a
Large Waterborne Outbreak of Bacterial Dysentery. Gastroenterology, 2006. 131(2): p.
445-450.

Zanini, B., et al., Incidence of Post-Infectious Irritable Bowel Syndrome and Functional
Intestinal Disorders Following a Water-Borne Viral Gastroenteritis Outbreak. The
American Journal of Gastroenterology, 2012. 107: p. 891.

Hanevik, K., et al., Development of functional gastrointestinal disorders after Giardia
lambliainfection. BMC Gastroenterology, 2009. 9(1): p. 27.

Robin, S., et al., An Update on Post-infectious Irritable Bowel Syndrome: Role of Genetics,
Immune  Activation,  Serotonin and  Altered  Microbiome. Journal of
Neurogastroenterology and Motility, 2012. 18(3): p. 258-268.

Marshall, J.K., et al., Postinfectious Irritable Bowel Syndrome After a Food-Borne
Outbreak of Acute Gastroenteritis Attributed to a Viral Pathogen. Clinical
Gastroenterology and Hepatology, 2007. 5(4): p. 457-460.

Berumen, A., et al., Characteristics and Risk Factors of Post-Infection Irritable Bowel
Syndrome After Campylobacter Enteritis. Clin Gastroenterol Hepatol, 2021. 19(9): p.
1855-1863.el.

Thabane, M. and J.K. Marshall, Post-infectious irritable bowel syndrome. World Journal
of Gastroenterology : WJG, 2009. 15(29): p. 3591-3596.

Sundin, J., et al., Altered faecal and mucosal microbial composition in post-infectious
irritable bowel syndrome patients correlates with mucosal lymphocyte phenotypes and
psychological distress. Alimentary Pharmacology & Therapeutics, 2014. 41(4): p. 342-
351.

256



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Spiller, R., et al., Increased rectal mucosal enteroendocrine cells, T lymphocytes, and
increased gut permeability following acute Campylobacter enteritis and in post-
dysenteric irritable bowel syndrome. Gut, 2000. 47(6): p. 804-811.

Al-Khatib, K. and H.C. Lin, Immune activation and gut microbes in irritable bowel
syndrome. Gut Liver, 2009. 3(1): p. 14-9.

Bengmark, S., Ecological control of the gastrointestinal tract. The role of probiotic flora.
Gut, 1998. 42(1): p. 2-7.

Backhed, F., et al., Host-Bacterial Mutualism in the Human Intestine. Science, 2005.
307(5717): p. 1915.

Human Microbiome Project, C., Structure, function and diversity of the healthy human
microbiome. Nature, 2012. 486(7402): p. 207-14.

Huse, S.M., et al.,, Exploring Microbial Diversity and Taxonomy Using SSU rRNA
Hypervariable Tag Sequencing. PLOS Genetics, 2008. 4(11): p. e1000255.

Sekirov, |., et al., Gut Microbiota in Health and Disease. Physiological Reviews, 2010.
90(3): p. 859-904.

Martin, R., et al., Early-Life Events, Including Mode of Delivery and Type of Feeding,
Siblings and Gender, Shape the Developing Gut Microbiota. PLoS One, 2016. 11(6): p.
e0158498.

Hollister, E.B., C. Gao, and J. Versalovic, Compositional and functional features of the
gastrointestinal microbiome and their effects on human health. Gastroenterology, 2014.
146(6): p. 1449-58.

Rajilic-Stojanovi¢, M., et al., Global and Deep Molecular Analysis of Microbiota
Signatures in Fecal Samples From Patients With Irritable Bowel Syndrome.
Gastroenterology, 2011. 141(5): p. 1792-1801.

Tap, J., et al., Identification of an Intestinal Microbiota Signature Associated With
Severity of Irritable Bowel Syndrome. Gastroenterology, 2017. 152(1): p. 111-123.e8.
Jeffery, I.B., et al., An irritable bowel syndrome subtype defined by species-specific
alterations in faecal microbiota. Gut, 2012. 61(7): p. 997-1006.

Tana, C., et al., Altered profiles of intestinal microbiota and organic acids may be the
origin of symptoms in irritable bowel syndrome. Neurogastroenterology & Motility,
2010. 22(5): p. 512-e115.

Jalanka-Tuovinen, J., et al., Faecal microbiota composition and host—microbe cross-talk
following gastroenteritis and in postinfectious irritable bowel syndrome. Gut, 2014.
63(11): p. 1737.

Pozuelo, M., et al., Reduction of butyrate- and methane-producing microorganisms in
patients with Irritable Bowel Syndrome. Scientific Reports, 2015. 5: p. 12693.

Labus, J.S., et al., Differences in gut microbial composition correlate with regional brain
volumes in irritable bowel syndrome. Microbiome, 2017. 5(1): p. 49.

Malinen, E., et al., Analysis of the Fecal Microbiota of Irritable Bowel Syndrome Patients
and Healthy Controls with Real-Time PCR. The American Journal Of Gastroenterology,
2005. 100: p. 373.

Saulnier, D.M., et al., Gastrointestinal microbiome signatures of pediatric patients with
irritable bowel syndrome. Gastroenterology, 2011. 141(5): p. 1782-91.

Lyra, A,, et al., Diarrhoea-predominant irritable bowel syndrome distinguishable by 16S
rRNA gene phylotype quantification. World J Gastroenterol, 2009. 15(47): p. 5936-45.
Jeffery, 1.B., et al., Differences in Fecal Microbiomes and Metabolomes of People With vs
Without Irritable Bowel Syndrome and Bile Acid Malabsorption. Gastroenterology, 2019.
Carroll, I.M., et al., Alterations in composition and diversity of the intestinal microbiota
in patients with diarrhea-predominant irritable bowel syndrome.
Neurogastroenterology & Motility, 2012. 24(6): p. 521-e248.

257



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Rigsbee, L., et al., Quantitative Profiling of Gut Microbiota of Children With Diarrhea-
Predominant Irritable Bowel Syndrome. Official journal of the American College of
Gastroenterology | ACG, 2012. 107(11).

Gobert, A.P., et al., The human intestinal microbiota of constipated-predominant
irritable bowel syndrome patients exhibits anti-inflammatory properties. Scientific
Reports, 2016. 6: p. 39399.

Strocchi, A., et al., Methanogens outcompete sulphate reducing bacteria for H2 in the
human colon. Gut, 1994, 35(8): p. 1098-101.

Falony, G., et al., Population-level analysis of gut microbiome variation. Science, 2016.
352(6285): p. 560.

Sahakian, A.B., S.-R. Jee, and M. Pimentel, Methane and the Gastrointestinal Tract.
Digestive Diseases and Sciences, 2010. 55(8): p. 2135-2143.

Ghoshal, U., et al., Irritable Bowel Syndrome, Particularly the Constipation-Predominant
Form, Involves an Increase in Methanobrevibacter smithii, Which Is Associated with
Higher Methane Production. Gut and Liver, 2016. 10(6): p. 932-938.

Vandeputte, D., et al., Stool consistency is strongly associated with gut microbiota
richness and composition, enterotypes and bacterial growth rates. Gut, 2016. 65(1): p.
57-62.

Bin Wagar, S.H. and A. Rehan, Methane and Constipation-predominant Irritable Bowel
Syndrome: Entwining Pillars of Emerging Neurogastroenterology. Cureus, 2019. 11(5):
p. e4764.

Park, Y.M., et al., The effects and mechanism of action of methane on ileal motor
function. Neurogastroenterology & Motility, 2017. 29(9): p. e13077.

Quigley, E.M.M. and R.C. Spiller, Constipation and the Microbiome: Lumen Versus
Mucosa! Gastroenterology, 2016. 150(2): p. 300-303.

Parthasarathy, G., et al., Relationship Between Microbiota of the Colonic Mucosa vs
Feces and Symptoms, Colonic Transit, and Methane Production in Female Patients With
Chronic Constipation. Gastroenterology, 2016. 150(2): p. 367-79.el.

Zhu, Y., et al., Bloating and Distention in Irritable Bowel Syndrome: The Role of Gas
Production and Visceral Sensation After Lactose Ingestion in a Population With Lactase
Deficiency. Official journal of the American College of Gastroenterology | ACG, 2013.
108(9).

Jimenez, M., et al.,, Hydrogen sulphide as a signalling molecule regulating
physiopathological processes in gastrointestinal motility. British Journal of
Pharmacology, 2017. 174(17): p. 2805-2817.

Pittayanon, R., et al., Gut Microbiota in Patients With Irritable Bowel Syndrome—A
Systematic Review. Gastroenterology, 2019. 157(1): p. 97-108.

Chassard, C., et al., Functional dysbiosis within the gut microbiota of patients with
constipated-irritable bowel syndrome. Alimentary Pharmacology & Therapeutics, 2012.
35(7): p. 828-838.

Parkes, G.C., et al., Distinct microbial populations exist in the mucosa-associated
microbiota of sub-groups of irritable bowel syndrome. Neurogastroenterology &
Motility, 2012. 24(1): p. 31-39.

Kerckhoffs, A.P., et al., Lower Bifidobacteria counts in both duodenal mucosa-associated
and fecal microbiota in irritable bowel syndrome patients. World J Gastroenterol, 2009.
15(23): p. 2887-92.

Carroll, I.M., et al., Molecular analysis of the luminal- and mucosal-associated intestinal
microbiota in diarrhea-predominant irritable bowel syndrome. American journal of
physiology. Gastrointestinal and liver physiology, 2011. 301(5): p. G799-G807.

Ma, N., et al., Nutrients Mediate Intestinal Bacteria-Mucosal Immune Crosstalk.
Frontiers in immunology, 2018. 9: p. 5-5.

258



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Havenaar, R., Intestinal health functions of colonic microbial metabolites: a review.
Beneficial Microbes, 2011. 2(2): p. 103-114.

Gargari, G., et al., Fecal Clostridiales distribution and short-chain fatty acids reflect bowel
habits in irritable bowel syndrome. Environmental Microbiology, 2018. 20(9): p. 3201-
3213.

Duncan, S.H., et al., The role of pH in determining the species composition of the human
colonic microbiota. Environmental Microbiology, 2009. 11(8): p. 2112-2122.

Kamath, P.S., S.F. Phillips, and A.R. Zinsmeister, Short-chain fatty acids stimulate ileal
motility in humans. Gastroenterology, 1988. 95(6): p. 1496-502.

Xu, D., et al., Butyrate-induced colonic hypersensitivity is mediated by mitogen-activated
protein kinase activation in rat dorsal root ganglia. Gut, 2013. 62(10): p. 1466-1474.
Hamer, H.M,, et al., Review article: the role of butyrate on colonic function. Alimentary
Pharmacology & Therapeutics, 2008. 27(2): p. 104-119.

Choghakhori, R., et al., Inflammatory cytokines and oxidative stress biomarkers in
irritable bowel syndrome: Association with digestive symptoms and quality of life.
Cytokine, 2017. 93: p. 34-43.

Thorell, K., et al., Isolates from Colonic Spirochetosis in Humans Show High Genomic
Divergence and Potential Pathogenic Features but Are Not Detected Using Standard
Primers for the Human Microbiota. Journal of bacteriology, 2019. 201(21): p. e00272-
19.

Lembo, A, et al., Repeat Treatment With Rifaximin Is Safe and Effective in Patients With
Diarrhea-Predominant Irritable Bowel Syndrome. Gastroenterology, 2016. 151(6): p.
1113-1121.

Fodor, A.A,, et al., Rifaximin is associated with modest, transient decreases in multiple
taxa in the gut microbiota of patients with diarrhoea-predominant irritable bowel
syndrome. Gut Microbes, 2019. 10(1): p. 22-33.

Mazzawi, T., et al., The kinetics of gut microbial community composition in patients with
irritable bowel syndrome following fecal microbiota transplantation. PLoS One, 2018.
13(11): p. e0194904.

Mazzawi, T., et al., Clinical response to fecal microbiota transplantation in patients with
diarrhea-predominant irritable bowel syndrome is associated with normalization of fecal
microbiota composition and short-chain fatty acid levels. Scandinavian Journal of
Gastroenterology, 2019. 54(6): p. 690-699.

laniro, G., et al., Systematic review with meta-analysis: efficacy of faecal microbiota
transplantation for the treatment of irritable bowel syndrome. Alimentary
Pharmacology & Therapeutics, 2019. 50(3): p. 240-248.

Halkjaer, S.1., et al., Faecal microbiota transplantation alters gut microbiota in patients
with irritable bowel syndrome: results from a randomised, double-blind placebo-
controlled study. Gut, 2018. 67(12): p. 2107-2115.

Aroniadis, O.C., et al., Faecal microbiota transplantation for diarrhoea-predominant
irritable bowel syndrome: a double-blind, randomised, placebo-controlled trial. The
Lancet Gastroenterology & Hepatology, 2019. 4(9): p. 675-685.

Johnsen, P.H., et al., Faecal microbiota transplantation versus placebo for moderate-to-
severe irritable bowel syndrome: a double-blind, randomised, placebo-controlled,
parallel-group, single-centre trial. The Lancet Gastroenterology & Hepatology, 2018.
3(1): p. 17-24.

Hugerth, L.W., et al., No distinct microbiome signature of irritable bowel syndrome found
in a Swedish random population. Gut, 2019: p. gutjnl-2019-318717.

Maharshak, N., et al., Fecal and Mucosa-Associated Intestinal Microbiota in Patients
with Diarrhea-Predominant Irritable Bowel Syndrome. Digestive Diseases and Sciences,
2018. 63(7): p. 1890-1899.

259



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Duan, R., et al., Alterations of Gut Microbiota in Patients With Irritable Bowel Syndrome
Based on 16S rRNA-Targeted Sequencing: A Systematic Review. Clinical and translational
gastroenterology, 2019. 10(2): p. e00012-e00012.

Rangel, 1., et al., The relationship between faecal-associated and mucosal-associated
microbiota in irritable bowel syndrome patients and healthy subjects. Alimentary
Pharmacology & Therapeutics, 2015. 42(10): p. 1211-1221.

Arpaia, N., et al., Metabolites produced by commensal bacteria promote peripheral
regulatory T cell generation. Nature, 2013. 504(7480): p. 451-455.

Masui, R., et al., G Protein-Coupled Receptor 43 Moderates Gut Inflammation Through
Cytokine Regulation from Mononuclear Cells. Inflammatory Bowel Diseases, 2013.
19(13): p. 2848-2856.

D’Souza, W.N,, et al., Differing roles for short chain fatty acids and GPR43 agonism in
the regulation of intestinal barrier function and immune responses. PLoS ONE, 2017.
12(7): p. e0180190.

Singh, N., et al., Activation of the receptor (Gpr109a) for niacin and the commensal
metabolite butyrate suppresses colonic inflammation and carcinogenesis. Immunity,
2014. 40(1): p. 128-139.

Pu, Z., et al., Dual roles of IL-18 in colitis through regulation of the function and quantity
of goblet cells. International journal of molecular medicine, 2019. 43(6): p. 2291-2302.
Kim, M.H., et al., Short-Chain Fatty Acids Activate GPR41 and GPR43 on Intestinal
Epithelial Cells to Promote Inflammatory Responses in Mice. Gastroenterology, 2013.
145(2): p. 396-406.e10.

Tedelind, S., et al., Anti-inflammatory properties of the short-chain fatty acids acetate
and propionate: A study with relevance to inflammatory bowel disease. World Journal
of Gastroenterology : WJG, 2007. 13(20): p. 2826-2832.

Park, J.-S., et al., Anti-inflammatory effects of short chain fatty acids in IFN-y-stimulated
RAW 264.7 murine macrophage cells: Involvement of NF-kB and ERK signaling pathways.
International Immunopharmacology, 2007. 7(1): p. 70-77.

Sokol, H., et al., Faecalibacterium prausnitzii is an anti-inflammatory commensal
bacterium identified by gut microbiota analysis of Crohn disease patients. Proceedings
of the National Academy of Sciences of the United States of America, 2008. 105(43): p.
16731-16736.

Sun, Q., et al., Alterations in fecal short-chain fatty acids in patients with irritable bowel
syndrome: A systematic review and meta-analysis. Medicine, 2019. 98(7): p. e14513-
el4513.

Wen, L., et al., Innate immunity and intestinal microbiota in the development of Type 1
diabetes. Nature, 2008. 455(7216): p. 1109-1113.

Schoepfer, A.M., et al., Antibodies to flagellin indicate reactivity to bacterial antigens in
IBS patients. Neurogastroenterology & Motility, 2008. 20(10): p. 1110-1118.

Jeffery, I.B., et al., The microbiota link to irritable bowel syndrome: an emerging story.
Gut microbes, 2012. 3(6): p. 572-576.

Salonen, A., W.M. de Vos, and A. Palva, Gastrointestinal microbiota in irritable bowel
syndrome: present state and perspectives. Microbiology, 2010. 156(Pt 11): p. 3205-15.
Malinen, E., et al., Association of symptoms with gastrointestinal microbiota in irritable
bowel syndrome. World journal of gastroenterology, 2010. 16(36): p. 4532-4540.
Round, J.L. and S.K. Mazmanian, Inducible Foxp3(+) reqgulatory T-cell development by a
commensal bacterium of the intestinal microbiota. Proceedings of the National Academy
of Sciences of the United States of America, 2010. 107(27): p. 12204-12209.

Atarashi, K., et al., Treg induction by a rationally selected mixture of Clostridia strains
from the human microbiota. Nature, 2013. 500(7461): p. 232-6.

260



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Asano, Y., et al., Critical role of gut microbiota in the production of biologically active,
free catecholamines in the gut lumen of mice. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 2012. 303(11): p. G1288-G1295.

Mayer, E.A., T. Savidge, and R.J. Shulman, Brain-gut microbiome interactions and
functional bowel disorders. Gastroenterology, 2014. 146(6): p. 1500-1512.

Maes, M., et al., THE EFFECTS OF PSYCHOLOGICAL STRESS ON HUMANS: INCREASED
PRODUCTION OF PRO-INFLAMMATORY CYTOKINES AND Th1-LIKE RESPONSE IN STRESS-
INDUCED ANXIETY. Cytokine, 1998. 10(4): p. 313-318.

Wallon, C., et al., Corticotropin-releasing hormone (CRH) regulates macromolecular
permeability via mast cells in normal human colonic biopsies in vitro. Gut, 2008. 57(1):
p. 50-8.

Bharwani, A, et al., Structural & functional consequences of chronic psychosocial stress
on the microbiome & host. Psychoneuroendocrinology, 2016. 63: p. 217-227.

Galley, J.D., et al., Exposure to a social stressor disrupts the community structure of the
colonic mucosa-associated microbiota. BMC microbiology, 2014. 14: p. 189-189.
Aoki-Yoshida, A., et al., Omics Studies of the Murine Intestinal Ecosystem Exposed to
Subchronic and Mild Social Defeat Stress. Journal of Proteome Research, 2016. 15(9): p.
3126-3138.

Marsland, B.J., Regulating inflammation with microbial metabolites. Nature Medicine,
2016. 22: p. 581.

Rothhammer, V., et al., Type I interferons and microbial metabolites of tryptophan
modulate astrocyte activity and central nervous system inflammation via the aryl
hydrocarbon receptor. Nature Medicine, 2016. 22(6): p. 586-597.

Keszthelyi, D., F.J. Troost, and A.A.M. Masclee, Understanding the role of tryptophan
and serotonin metabolism in gastrointestinal function. Neurogastroenterology &
Motility, 2009. 21(12): p. 1239-1249.

Clarke, G., et al., Tryptophan degradation in irritable bowel syndrome: evidence of
indoleamine 2,3-dioxygenase activation in a male cohort. BMC gastroenterology, 2009.
9: p. 6-6.

Yano, J.M.,, et al., Indigenous bacteria from the gut microbiota regulate host serotonin
biosynthesis. Cell, 2015. 161(2): p. 264-76.

Kerckhoffs, A.P.M., et al., SERT and TPH-1 mRNA expression are reduced in irritable
bowel syndrome patients regardless of visceral sensitivity state in large intestine.
American Journal of Physiology-Gastrointestinal and Liver Physiology, 2011. 302(9): p.
G1053-G1060.

O’Mahony, S.M., et al.,, Serotonin, tryptophan metabolism and the brain-gut-
microbiome axis. Behavioural Brain Research, 2015. 277: p. 32-48.

Atkinson, W., et al.,, Altered 5-Hydroxytryptamine Signaling in Patients With
Constipation- and Diarrhea-Predominant Irritable Bowel Syndrome. Gastroenterology,
2006. 130(1): p. 34-43.

Binienda, A, et al., Efficacy and Safety of Serotonin Receptor Ligands in the Treatment
of Irritable Bowel Syndrome: A Review. Current Drug Targets, 2018. 19(15): p. 1774-
1781.

Klooker, T.K., et al., The mast cell stabiliser ketotifen decreases visceral hypersensitivity
and improves intestinal symptoms in patients with irritable bowel syndrome. Gut, 2010.
59(9): p. 1213-21.

Barbara, G., et al., Activated mast cells in proximity to colonic nerves correlate with
abdominal pain in irritable bowel syndrome. Gastroenterology, 2004. 126(3): p. 693-
702.

261



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Kelly, J.R., et al., Breaking down the barriers: the gut microbiome, intestinal permeability
and stress-related psychiatric disorders. Frontiers in Cellular Neuroscience, 2015. 9: p.
392.

Tailford, L.E., et al., Mucin glycan foraging in the human gut microbiome. Frontiers in
Genetics, 2015. 6.

Pelaseyed, T., et al., The mucus and mucins of the goblet cells and enterocytes provide
the first defense line of the gastrointestinal tract and interact with the immune system.
Immunological Reviews, 2014. 260(1): p. 8-20.

Gibson, G.R., G.T. Macfarlane, and J.H. Cummings, Sulphate reducing bacteria and
hydrogen metabolism in the human large intestine. Gut, 1993. 34(4): p. 437-9.

Cooper, C.E. and G.C. Brown, The inhibition of mitochondrial cytochrome oxidase by the
gases carbon monoxide, nitric oxide, hydrogen cyanide and hydrogen sulfide: chemical
mechanism and physiological significance. Journal of Bioenergetics and Biomembranes,
2008. 40(5): p. 533-539.

Jgrgensen, J. and P.B. Mortensen, Hydrogen Sulfide and Colonic Epithelial Metabolism.
Digestive Diseases and Sciences, 2001. 46(8): p. 1722-1732.

Roediger, W.E., et al., Reducing sulfur compounds of the colon impair colonocyte
nutrition: implications for ulcerative colitis. Gastroenterology, 1993. 104(3): p. 802-9.
Roediger, W. and W. Babidge, Nitric oxide effect on coloncyte metabolism: Co-action of
sulfides and peroxide. Molecular and Cellular Biochemistry, 2000. 206(1): p. 159-167.
Karczewski, J., et al., Regulation of human epithelial tight junction proteins by
Lactobacillus plantarum in vivo and protective effects on the epithelial barrier. American
Journal of Physiology-Gastrointestinal and Liver Physiology, 2010. 298(6): p. G851-G859.
Anderson, R.C., et al., Lactobacillus plantarum DSM 2648 is a potential probiotic that
enhances intestinal barrier function. FEMS Microbiology Letters, 2010. 309(2): p. 184-
192.

Ewaschuk, J.B., et al., Secreted bioactive factors from Bifidobacterium infantis enhance
epithelial cell barrier function. American Journal of Physiology-Gastrointestinal and Liver
Physiology, 2008. 295(5): p. G1025-G1034.

Dunlop, S.P., et al., Abnormal intestinal permeability in subgroups of diarrhea-
predominant irritable bowel syndromes. Am J Gastroenterol, 2006. 101(6): p. 1288-94.
Hou, Q. et al., MiR-144 Increases Intestinal Permeability in IBS-D Rats by Targeting OCLN
and ZO1. Cell Physiol Biochem, 2017. 44(6): p. 2256-2268.

Coeffier, M., et al., Increased proteasome-mediated degradation of occludin in irritable
bowel syndrome. Am ) Gastroenterol, 2010. 105(5): p. 1181-8.

Bertiaux-Vandaele, N., et al., The expression and the cellular distribution of the tight
junction proteins are altered in irritable bowel syndrome patients with differences
according to the disease subtype. Am J Gastroenterol, 2011. 106(12): p. 2165-73.
Martinez, C., et al., Diarrhoea-predominant irritable bowel syndrome: an organic
disorder with structural abnormalities in the jejunal epithelial barrier. Gut, 2013. 62(8):
p. 1160-8.

Piche, T., et al., Impaired intestinal barrier integrity in the colon of patients with irritable
bowel syndrome: involvement of soluble mediators. Gut, 2009. 58(2): p. 196.

Suenaert, P., et al., Anti-tumor necrosis factor treatment restores the gut barrier in
Crohn&#39;s disease. American Journal Of Gastroenterology, 2002. 97: p. 2000.

Zhou, Q., B. Zhang, and G.N. Verne, Intestinal membrane permeability and
hypersensitivity in the irritable bowel syndrome. Pain, 2009. 146(1-2): p. 41-6.

Lee, J.W., et al., Subjects with diarrhea-predominant IBS have increased rectal
permeability responsive to tryptase. Dig Dis Sci, 2010. 55(10): p. 2922-8.

Wilcz, E., S. McClean, and M. O'Sullivan, Mast Cell Tryptase Reduces Junctional Adhesion
Molecule-a (JAM-A) Expression in Human Intestinal Epithelial Cells: Implications for the

262



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Mechanisms of Barrier Dysfunction in Irritable Bowel Syndrome (IBS). Gastroenterology,
2011. 140(5): p. S-504.

Ludidi, S., et al., The intestinal barrier in irritable bowel syndrome: subtype-specific
effects of the systemic compartment in an in vitro model. PloS one, 2015. 10(5): p.
€0123498-e0123498.

Martinez, C., et al., The Jejunum of Diarrhea-Predominant Irritable Bowel Syndrome
Shows Molecular Alterations in the Tight Junction Signaling Pathway That Are Associated
With Mucosal Pathobiology and Clinical Manifestations. Official journal of the American
College of Gastroenterology | ACG, 2012. 107(5).

Cenac, N,, et al., Role for protease activity in visceral pain in irritable bowel syndrome. )
Clin Invest, 2007. 117(3): p. 636-47.

Gecse, K., et al., Increased faecal serine protease activity in diarrhoeic IBS patients: a
colonic lumenal factor impairing colonic permeability and sensitivity. Gut, 2008. 57(5):
p. 591.

Zeng, J., et al., Clinical trial: effect of active lactic acid bacteria on mucosal barrier
function in patients with diarrhoea-predominant irritable bowel syndrome. Alimentary
Pharmacology & Therapeutics, 2008. 28(8): p. 994-1002.

Ford, A.C., et al., American College of Gastroenterology Monograph on the Management
of Irritable Bowel Syndrome and Chronic Idiopathic Constipation. Official journal of the
American College of Gastroenterology | ACG, 2014. 109.

Ford, A.C., et al., Systematic review with meta-analysis: the efficacy of prebiotics,
probiotics, synbiotics and antibiotics in irritable bowel syndrome. Alimentary
Pharmacology & Therapeutics, 2018. 48(10): p. 1044-1060.

Connor T.J., L.B.E., Biological Markers of Depression. , in Antidepressants: Past, Present
and Future., Springer, Editor. (2004) Ross R. (eds) Berlin, Heidelberg. .

Kim, J.H., E. Lin, and M. Pimentel, Biomarkers of Irritable Bowel Syndrome. Journal of
Neurogastroenterology and Motility, 2017. 23(1): p. 20-26.

Ray, P., et al., Statistical Evaluation of a Biomarker. Anesthesiology, 2010. 112(4): p.
1023-1040.

Camilleri, M., H. Halawi, and |. Oduyebo, Biomarkers as a diagnostic tool for irritable
bowel syndrome: where are we? Expert Review of Gastroenterology & Hepatology,
2017.11(4): p. 303-316.

Vijayvargiya, P., et al., Bile and fat excretion are biomarkers of clinically significant
diarrhoea and constipation in irritable bowel syndrome. Alimentary Pharmacology &
Therapeutics, 2019. 49(6): p. 744-758.

Vijayvargiya, P., et al., Performance characteristics of serum C4 and FGF19
measurements to exclude the diagnosis of bile acid diarrhoea in IBS-diarrhoea and
functional diarrhoea. Alimentary Pharmacology & Therapeutics, 2017.46(6): p. 581-588.
Lembo, A.J., et al.,, Use of serum biomarkers in a diagnostic test for irritable bowel
syndrome. Alimentary Pharmacology & Therapeutics, 2009. 29(8): p. 834-842.

Mujagic, Z., et al.,, A novel biomarker panel for irritable bowel syndrome and the
application in the general population. Scientific Reports, 2016. 6: p. 26420.

Ohman, L., et al., Altered Levels of Fecal Chromogranins and Secretogranins in IBS:
Relevance for Pathophysiology and Symptoms? The American Journal Of
Gastroenterology, 2012. 107: p. 440.

Sundin, J., et al., Fecal chromogranins and secretogranins are linked to the fecal and
mucosal intestinal bacterial composition of IBS patients and healthy subjects. Scientific
Reports, 2018. 8(1): p. 16821.

Melchior, C., et al., Does calprotectin level identify a subgroup among patients suffering
from irritable bowel syndrome? Results of a prospective study. United European
gastroenterology journal, 2017. 5(2): p. 261-269.

263



191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Choi, Y.J. and S.J. Jeong, Is fecal calprotectin always normal in children with irritable
bowel syndrome? Intest Res, 2019.

Banerjee, A., et al., Faecal calprotectin for differentiating between irritable bowel
syndrome and inflammatory bowel disease: a useful screen in daily gastroenterology
practice. Frontline gastroenterology, 2015. 6(1): p. 20-26.

Chang, M.H., et al., Faecal calprotectin as a novel biomarker for differentiating between
inflammatory bowel disease and irritable bowel syndrome. Mol Med Rep, 2014. 10(1):
p. 522-6.

Nemakayala, D.R. and B.D. Cash, Excluding irritable bowel syndrome in the inflammatory
bowel disease patient: how far to go? Current Opinion in Gastroenterology, 2019. 35(1).
Tooth, D., et al., Characterisation of faecal protease activity in irritable bowel syndrome
with diarrhoea: origin and effect of gut transit. Gut, 2014. 63(5): p. 753-760.

Roka, R., et al., A Pilot Study of Fecal Serine-Protease Activity: A Pathophysiologic Factor
in Diarrhea-Predominant Irritable Bowel Syndrome. Clinical Gastroenterology and
Hepatology, 2007. 5(5): p. 550-555.

Valdez-Morales, E.E., et al., Sensitization of Peripheral Sensory Nerves by Mediators
From Colonic Biopsies of Diarrhea-Predominant Irritable Bowel Syndrome Patients: A
Role for PAR2. The American Journal Of Gastroenterology, 2013. 108: p. 1634.
Cattaruzza, F., et al., Serine proteases and protease-activated receptor 2 mediate the
proinflammatory and algesic actions of diverse stimulants. British journal of
pharmacology, 2014. 171(16): p. 3814-3826.

Zarember, K.A. and P.J. Godowski, Tissue Expression of Human Toll-Like Receptors and
Differential Regulation of Toll-Like Receptor mRNAs in Leukocytes in Response to
Microbes, Their Products, and Cytokines. The Journal of Immunology, 2002. 168(2): p.
554-561.

Vidya, M.K., et al., Toll-like receptors: Significance, ligands, signaling pathways, and
functions in mammals. International Reviews of Immunology, 2018. 37(1): p. 20-36.
Shukla, R., et al., Expression of Toll-like Receptors, Pro-, and Anti-inflammatory Cytokines
in Relation to Gut Microbiota in Irritable Bowel Syndrome: The Evidence for Its Micro-
organic Basis. Journal of neurogastroenterology and motility, 2018. 24(4): p. 628-642.
Brint, E.K., et al., Differential Expression of Toll-Like Receptors in Patients With Irritable
Bowel Syndrome. The American Journal Of Gastroenterology, 2010. 106: p. 329.

Clarke, G., et al., A Distinct Profile of Tryptophan Metabolism along the Kynurenine
Pathway Downstream of Toll-Like Receptor Activation in Irritable Bowel Syndrome.
Frontiers in Pharmacology, 2012. 3(90).

Belmonte, L., et al., Role of Toll Like Receptors in Irritable Bowel Syndrome: Differential
Mucosal Immune Activation According to the Disease Subtype. PLOS ONE, 2012. 7(8): p.
ed2777.

Tattoli, 1., et al., Microbiota, Innate Immune System, and Gastrointestinal Muscle:
Ongoing Studies. Journal of Clinical Gastroenterology, 2012. 46: p. S6-S11.

Grasa, L., et al., TLR2 and TLR4 interact with sulfide system in the modulation of mouse
colonic motility. Neurogastroenterology & Motility, 2019. 31(9): p. e13648.

Forcén, R., et al., Toll-like receptors 2 and 4 exert opposite effects on the contractile
response induced by serotonin in mouse colon: role of serotonin receptors. Experimental
Physiology, 2016. 101(8): p. 1064-1074.

Sundin, J., et al., Cytokine Response after Stimulation with Key Commensal Bacteria
Differ in Post-Infectious Irritable Bowel Syndrome (PI-IBS) Patients Compared to Healthy
Controls. PloS one, 2015. 10(9): p. e0134836-e0134836.

Seyedmirzaee, S., et al., Serum immune biomarkers in irritable bowel syndrome. Clin Res
Hepatol Gastroenterol, 2016. 40(5): p. 631-637.

264



210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Dinan, T.G., et al., Hypothalamic-pituitary-gut axis dysregulation in irritable bowel
syndrome: plasma cytokines as a potential biomarker? Gastroenterology, 2006. 130(2):
p. 304-11.

Darkoh, C., et al., Chemotactic Chemokines Are Important in the Pathogenesis of Irritable
Bowel Syndrome. PLOS ONE, 2014. 9(3): p. €93144.

Rana, S.V., et al.,, Pro-inflammatory and anti-inflammatory cytokine response in
diarrhoea-predominant irritable bowel syndrome patients. Trop Gastroenterol, 2012.
33(4): p. 251-6.

Vara, E.J., et al., Altered levels of cytokines in patients with irritable bowel syndrome are
not correlated with fatigue. International Journal of General Medicine, 2018. 11: p. 285-
291.

Bennet, S.M.P., et al., Systemic cytokines are elevated in a subset of patients with
irritable bowel syndrome but largely unrelated to symptom characteristics.
Neurogastroenterology & Motility, 2018. 30(10): p. e13378.

Barbaro, M.R., et al., Interferon-y is increased in the gut of patients with irritable bowel
syndrome and modulates serotonin metabolism. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 2016. 310(6): p. G439-G447.

Macsharry, J., et al.,, Mucosal cytokine imbalance in irritable bowel syndrome.
Scandinavian Journal of Gastroenterology, 2008. 43(12): p. 1467-1476.

Shulman, R.J., et al., Associations among gut permeability, inflammatory markers, and
symptoms in patients with irritable bowel syndrome. Journal of gastroenterology, 2014.
49(11): p. 1467-1476.

Chang, L., et al.,, Serum and colonic mucosal immune markers in irritable bowel
syndrome. The American journal of gastroenterology, 2012. 107(2): p. 262-272.

Lee, K.J., et al., The alteration of enterochromaffin cell, mast cell, and lamina propria T
lymphocyte numbers in irritable bowel syndrome and its relationship with psychological
factors. Journal of Gastroenterology and Hepatology, 2008. 23(11): p. 1689-1694.
Walker, M.M., et al., Duodenal mastocytosis, eosinophilia and intraepithelial
lymphocytosis as possible disease markers in the irritable bowel syndrome and
functional dyspepsia. Alimentary pharmacology & therapeutics, 2009. 29(7): p. 765-773.
Bischoff, S.C., Physiological and pathophysiological functions of intestinal mast cells.
Seminars in Immunopathology, 2009. 31(2): p. 185-205.

Peiris, M., et al., Human visceral afferent recordings: preliminary report. Gut, 2011.
60(2): p. 204-8.

Sharkey, K.A. and A.B.A. Kroese, Consequences of intestinal inflammation on the enteric
nervous system: Neuronal activation induced by inflammatory mediators. The
Anatomical Record, 2001. 262(1): p. 79-90.

Nasser, Y., et al., Activation of Peripheral Blood CD4+ T-Cells in IBS is not Associated with
Gastrointestinal or Psychological Symptoms. Scientific Reports, 2019. 9(1): p. 3710.
Liebregts, T., et al., Immune activation in patients with irritable bowel syndrome.
Gastroenterology, 2007. 132(3): p. 913-20.

Park, J.H., et al., Mucosal mast cell counts correlate with visceral hypersensitivity in
patients with diarrhea predominant irritable bowel syndrome. Journal of
Gastroenterology and Hepatology, 2006. 21(1): p. 71-78.

Liu, D.-R., X.-J. Xu, and S.-K. Yao, Increased intestinal mucosal leptin levels in patients
with diarrhea-predominant irritable bowel syndrome. World journal of
gastroenterology, 2018. 24(1): p. 46-57.

Jakate, S., et al., Mastocytic Enterocolitis: Increased Mucosal Mast Cells in Chronic
Intractable Diarrhea. Archives of Pathology & Laboratory Medicine, 2006. 130(3): p.
362-367.

265



229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245,

246.

247.

248.

Piche, T., et al., Mast cells and cellularity of the colonic mucosa correlated with fatigue
and depression in irritable bowel syndrome. Gut, 2008. 57(4): p. 468.

Talley, N.J., et al., Circulating Anti-cytolethal Distending Toxin B and Anti-vinculin
Antibodies as Biomarkers in Community and Healthcare Populations With Functional
Dyspepsia and Irritable Bowel Syndrome. Clinical and Translational Gastroenterology,
2019. 10(7).

Stead, R.H., et al., Vagal influences over mast cells. Autonomic Neuroscience, 2006.
125(1): p. 53-61.

Cenac, N., et al., Potentiation of TRPV4 signalling by histamine and serotonin: an
important mechanism for visceral hypersensitivity. Gut, 2010. 59(4): p. 481.

Wouters, M.M., et al., Histamine Receptor H1-Mediated Sensitization of TRPV1
Mediates Visceral Hypersensitivity and Symptoms in Patients With Irritable Bowel
Syndrome. Gastroenterology, 2016. 150(4): p. 875-87.e9.

Zhang, L., J. Song, and X. Hou, Mast Cells and Irritable Bowel Syndrome: From the Bench
to the Bedside. Journal of neurogastroenterology and motility, 2016. 22(2): p. 181-192.
Shibata, N., J. Kunisawa, and H. Kiyono, Dietary and Microbial Metabolites in the
Regulation of Host Immunity. Frontiers in microbiology, 2017. 8: p. 2171-2171.
Noerman, S., M. Kolehmainen, and K. Hanhineva, Profiling of Endogenous and Gut
Microbial Metabolites to Indicate Metabotype-Specific Dietary Responses: A Systematic
Review. Advances in Nutrition, 2020. 11(5): p. 1237-1254.

Bohn, L., et al., Self-Reported Food-Related Gastrointestinal Symptoms in IBS Are
Common and Associated With More Severe Symptoms and Reduced Quality of Life. The
American Journal Of Gastroenterology, 2013. 108: p. 634.

Portincasa, P., et al., Irritable bowel syndrome and diet. Gastroenterology Report, 2017.
5(1): p. 11-19.

Zar, S., M.J. Benson, and D. Kumar, Food-specific serum IgG4 and IgE titers to common
food antigens in irritable bowel syndrome. Am J Gastroenterol, 2005. 100(7): p. 1550-7.
Nybacka, S., et al., Neither self-reported atopy nor IgE-mediated allergy are linked to
gastrointestinal symptoms in  patients with irritable bowel syndrome.
Neurogastroenterology & Motility, 2018. 30(10): p. e13379.

Akkus, E.E., et al., Evaluation of Levels of Serum IgE and Rectal Mucosal Eosinophilia in
Irritable Bowel Syndrome. The Anatolian Journal of Family Medicine, 2019. 2(2): p. 73-
77.

Bischoff, S.C., et al., Colonoscopic allergen provocation (COLAP): a new diagnostic
approach for gastrointestinal food allergy. Gut, 1997. 40(6): p. 745-53.
Fritscher-Ravens, A,, et al., Many Patients With Irritable Bowel Syndrome Have Atypical
Food Allergies Not Associated With Immunoglobulin E. Gastroenterology, 2019. 157(1):
p. 109-118.e5.

Crowe, S.E., Food Allergy Vs Food Intolerance in Patients With Irritable Bowel Syndrome.
Gastroenterology & hepatology, 2019. 15(1): p. 38-40.

Karakula-Juchnowicz, H., et al.,, The Food-Specific Serum IgG Reactivity in Major
Depressive Disorder Patients, Irritable Bowel Syndrome Patients and Healthy Controls.
Nutrients, 2018. 10(5).

Lee, H.S. and K.J. Lee, Alterations of Food-specific Serum IgG4 Titers to Common Food
Antigens in Patients With Irritable Bowel Syndrome. Journal of Neurogastroenterology
and Motility, 2017. 23(4): p. 578-584.

Atkinson, W., et al., Food elimination based on IgG antibodies in irritable bowel
syndrome: a randomised controlled trial. Gut, 2004. 53(10): p. 1459-64.

Nanda, R., et al., Food intolerance and the irritable bowel syndrome. Gut, 1989. 30(8): p.
1099-104.

266



249.

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Hunter, J.0., The role of diet in the management of irritable bowel syndrome. Top
Gastroenterol, 1985. 12: p. 305-313.

Ligaarden, S.C., S. Lydersen, and P.G. Farup, IgG and IgG4 antibodies in subjects with
irritable bowel syndrome: a case control study in the general population. BMC
gastroenterology, 2012. 12: p. 166-166.

Raithel, M., et al., Significance of salicylate intolerance in diseases of the lower
gastrointestinal tract. J Physiol Pharmacol, 2005. 56 Suppl 5: p. 89-102.

Locke, G.R,, et al., Risk factors for irritable bowel syndrome: role of analgesics and food
sensitivities. The American Journal of Gastroenterology, 2000. 95(1): p. 157-165.
Martinez, |., et al., Resistant Starches Types 2 and 4 Have Differential Effects on the
Composition of the Fecal Microbiota in Human Subjects. PLOS ONE, 2010. 5(11): p.
e15046.

Sun, Y., et al., Gut firmicutes: Relationship with dietary fiber and role in host homeostasis.
Critical Reviews in Food Science and Nutrition, 2022: p. 1-16.

Bijkerk, C.J., et al., Systematic review: the role of different types of fibre in the treatment
of irritable bowel syndrome. Alimentary Pharmacology & Therapeutics, 2004. 19(3): p.
245-251.

O'Keeffe, M., et al., Long-term impact of the low-FODMAP diet on gastrointestinal
symptoms, dietary intake, patient acceptability, and healthcare utilization in irritable
bowel syndrome. Neurogastroenterology & Motility, 2018. 30(1): p. e13154.

Halmos, E.P., et al., Diets that differ in their FODMAP content alter the colonic luminal
microenvironment. Gut, 2015. 64(1): p. 93.

Guarino, M.P., et al., Mechanisms of Action of Prebiotics and Their Effects on Gastro-
Intestinal Disorders in Adults. Nutrients, 2020. 12(4).

Maslowski, K.M. and C.R. Mackay, Diet, gut microbiota and immune responses. Nature
Immunology, 2011. 12(1): p. 5-9.

Cotillard, A, et al., Dietary intervention impact on gut microbial gene richness. Nature,
2013. 500: p. 585.

Rodifo-Janeiro, B.K., et al., A Review of Microbiota and Irritable Bowel Syndrome: Future
in Therapies. Advances in Therapy, 2018. 35(3): p. 289-310.

Falony, G., et al., Cross-feeding between Bifidobacterium longum BB536 and acetate-
converting, butyrate-producing colon bacteria during growth on oligofructose. Applied
and environmental microbiology, 2006. 72(12): p. 7835-7841.

Riviere, A., et al., Bifidobacteria and Butyrate-Producing Colon Bacteria: Importance and
Strategies for Their Stimulation in the Human Gut. Frontiers in Microbiology, 2016.
7(979).

Bourriaud, C., et al., Lactate is mainly fermented to butyrate by human intestinal
microfloras but inter-individual variation is evident. Journal of Applied Microbiology,
2005.99(1): p. 201-212.

Silk, D.B.A., et al., Clinical trial: the effects of a trans-galactooligosaccharide prebiotic on
faecal microbiota and symptoms in irritable bowel syndrome. Alimentary Pharmacology
& Therapeutics, 2009. 29(5): p. 508-518.

Hunter, J.0., Q. Tuffnell, and A.. Lee, Controlled Trial of Oligofructose in the
Management of Irritable Bowel Syndrome. The Journal of Nutrition, 1999. 129(7): p.
1451S-1453S.

Olesen, M. and E. Gudmand-Hegyer, Efficacy, safety, and tolerability of
fructooligosaccharides in the treatment of irritable bowel syndrome1,2,3. The American
Journal of Clinical Nutrition, 2000. 72(6): p. 1570-1575.

Kawabata, K., Y. Yoshioka, and J. Terao, Role of Intestinal Microbiota in the
Bioavailability and Physiological Functions of Dietary Polyphenols. Molecules (Basel,
Switzerland), 2019. 24(2): p. 370.

267



269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

Scalbert, A. and G. Williamson, Dietary Intake and Bioavailability of Polyphenols. The
Journal of Nutrition, 2000. 130(8): p. 20735-2085S.

Cardona, F., et al., Benefits of polyphenols on gut microbiota and implications in human
health. The Journal of Nutritional Biochemistry, 2013. 24(8): p. 1415-1422.

Marin, L., et al., Bioavailability of Dietary Polyphenols and Gut Microbiota Metabolism:
Antimicrobial Properties. BioMed Research International, 2015. 2015: p. 905215.
Matthies, A., M. Blaut, and A. Braune, Isolation of a Human Intestinal Bacterium Capable
of Daidzein and Genistein Conversion. Applied and Environmental Microbiology, 2009.
75(6): p. 1740.

Selma, M.V, et al., Description of urolithin production capacity from ellagic acid of two
human intestinal Gordonibacter species. Food & Function, 2014. 5(8): p. 1779-1784.
Piwowarski, J., S. Granica, and A. Kiss, Influence of Gut Microbiota-Derived Ellagitannins'
Metabolites Urolithins on Pro-Inflammatory Activities of Human Neutrophils. Vol. 80.
2014.

Martinez, |., et al., Diet-Induced Alterations of Host Cholesterol Metabolism Are Likely To
Affect the Gut Microbiota Composition in Hamsters. Applied and Environmental
Microbiology, 2013. 79(2): p. 516.

Clavel, T., P. Lepage, and C. Charrier, The Family Coriobacteriaceae. 2014. p. 201-238.
Caesar, R,, et al., Crosstalk between Gut Microbiota and Dietary Lipids Aggravates WAT
Inflammation through TLR Signaling. Cell Metabolism, 2015. 22(4): p. 658-668.

Kim, K.A., et al., High fat diet-induced gut microbiota exacerbates inflammation and
obesity in mice via the TLR4 signaling pathway. PLoS One, 2012. 7(10): p. e47713.
Harris, J.K., et al., Specific microbiome changes in a mouse model of parenteral nutrition
associated liver injury and intestinal inflammation. PLoS One, 2014. 9(10): p. e110396.
Palm, N.W., et al., Immunoglobulin A coating identifies colitogenic bacteria in
inflammatory bowel disease. Cell, 2014. 158(5): p. 1000-1010.

Kakodkar, S. and E.A. Mutlu, Diet as a Therapeutic Option for Adult Inflammatory Bowel
Disease. Gastroenterology clinics of North America, 2017. 46(4): p. 745-767.

Stipanuk, M.H., SULFUR AMINO ACID METABOLISM: Pathways for Production and
Removal of Homocysteine and Cysteine. Annual Review of Nutrition, 2004. 24(1): p. 539-
577.

Carbonero, F., et al., Microbial pathways in colonic sulfur metabolism and links with
health and disease. Frontiers in Physiology, 2012. 3(448).

Ottman, N., et al., Action and function of Akkermansia muciniphila in microbiome
ecology, health and disease. Best Practice & Research Clinical Gastroenterology, 2017.
31(6): p. 637-642.

Wallace, J.L., J.-P. Motta, and A.G. Buret, Hydrogen sulfide: an agent of stability at the
microbiome-mucosa interface. American Journal of Physiology-Gastrointestinal and
Liver Physiology, 2017. 314(2): p. G143-G149.

Blachier, F., M. Beaumont, and E. Kim, Cysteine-derived hydrogen sulfide and gut health:
a matter of endogenous or bacterial origin. Current Opinion in Clinical Nutrition &
Metabolic Care, 2019. 22(1).

Medani, M., et al.,, Emerging role of hydrogen sulfide in colonic physiology and
pathophysiology. Inflammatory Bowel Diseases, 2010. 17(7): p. 1620-1625.

Vince, A.J. and S.M. Burridge, Ammonia production by intestinal bacteria: the effects of
lactose, lactulose and glucose. ) Med Microbiol, 1980. 13(2): p. 177-91.

Lin, H.-C. and W.J. Visek, Colon Mucosal Cell Damage by Ammonia in Rats. The Journal
of Nutrition, 1991. 121(6): p. 887-893.

Pieper, R., et al., Fermentable Fiber Ameliorates Fermentable Protein-Induced Changes
in Microbial Ecology, but Not the Mucosal Response, in the Colon of Piglets. The Journal
of Nutrition, 2012. 142(4): p. 661-667.

268



291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

Hayes, P., et al., A dietary survey of patients with irritable bowel syndrome. Journal of
Human Nutrition and Dietetics, 2014. 27(s2): p. 36-47.

Mora, J.R., M. lwata, and U.H. von Andrian, Vitamin effects on the immune system:
vitamins A and D take centre stage. Nature Reviews Immunology, 2008. 8(9): p. 685-
698.

Hwang, C., V. Ross, and U. Mahadevan, Micronutrient Deficiencies in Inflammatory
Bowel Disease: From A to Zinc. Inflammatory Bowel Diseases, 2012. 18(10): p. 1961-
1981.

Shaw, S., et al., The ileum is the major site of absorption of vitamin B12 analogues. The
American journal of gastroenterology, 1989. 84(1): p. 22-6.

Hill, M.J., Intestinal flora and endogenous vitamin synthesis. European Journal of Cancer
Prevention, 1997. 6(2).

Bohn, L., S. Storsrud, and M. Simrén, Nutrient intake in patients with irritable bowel
syndrome compared with the general population. Neurogastroenterology & Motility,
2013. 25(1): p. 23-e1.

Yoshii, K., et al., Metabolism of Dietary and Microbial Vitamin B Family in the Regulation
of Host Immunity. Frontiers in Nutrition, 2019. 6(48).

Ligaarden, S.C. and P.G. Farup, Low intake of vitamin B6 is associated with irritable bowel
syndrome symptoms. Nutrition Research, 2011. 31(5): p. 356-361.

Astegiano, M., et al., Treatment of irritable bowel syndrome. A case control experience.
Minerva Gastroenterol Dietol, 2006. 52(4): p. 359-63.

Khayyat, Y. and S. Attar, Vitamin D Deficiency in Patients with Irritable Bowel Syndrome:
Does it Exist? Oman medical journal, 2015. 30(2): p. 115-118.

Nwosu, B.U., L. Maranda, and N. Candela, Vitamin D status in pediatric irritable bowel
syndrome. PLOS ONE, 2017. 12(2): p. e0172183.

Williams, C.E., E.A. Williams, and B.M. Corfe, Vitamin D status in irritable bowel
syndrome and the impact of supplementation on symptoms: what do we know and what
do we need to know? Eur J Clin Nutr, 2018. 72(10): p. 1358-1363.

Armstrong, D.J., et al., Vitamin D deficiency is associated with anxiety and depression in
fibromyalgia. Clinical Rheumatology, 2007. 26(4): p. 551-554.

Bakke, D., et al., Regulation of Microbiota by Vitamin D Receptor: A Nuclear Weapon in
Metabolic Diseases. Nucl Receptor Res, 2018. 5.

Jin, D., et al., Lack of Vitamin D Receptor Causes Dysbiosis and Changes the Functions of
the Murine Intestinal Microbiome. Clin Ther, 2015. 37(5): p. 996-1009.e7.
Tabatabaeizadeh, S.-A., et al., Vitamin D, the gut microbiome and inflammatory bowel
disease. Journal of research in medical sciences : the official journal of Isfahan University
of Medical Sciences, 2018. 23: p. 75-75.

Tabatabaeizadeh, S.-A., et al., Vitamin D, the gut microbiome and inflammatory bowel
disease. Journal of Research in Medical Sciences, 2018. 23(1): p. 75-75.

Schmidt, D.R., et al., Regulation of Bile Acid Synthesis by Fat-soluble Vitamins A and D*.
Journal of Biological Chemistry, 2010. 285(19): p. 14486-14494.

Abbasnezhad, A., et al., Effect of vitamin D on gastrointestinal symptoms and health-
related quality of life in irritable bowel syndrome patients: a randomized double-blind
clinical trial. Neurogastroenterology & Motility, 2016. 28(10): p. 1533-1544.

Khalighi Sikaroudi, M., et al., Effects of vitamin D3 supplementation on clinical
symptoms, quality of life, serum serotonin (5-hydroxytryptamine), 5-hydroxy-indole
acetic acid, and ratio of 5-HIAA/5-HT in patients with diarrhea-predominant irritable
bowel syndrome: A randomized clinical trial. EXCLI journal, 2020. 19: p. 652-667.

El Amrousy, D., et al., Vitamin D supplementation in adolescents with irritable bowel
syndrome: Is it useful? A randomized controlled trial. Saudi journal of gastroenterology
: official journal of the Saudi Gastroenterology Association, 2018. 24(2): p. 109-114.

269



312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

Devkota, S., et al., Dietary-fat-induced taurocholic acid promotes pathobiont expansion
and colitis in 1110-/- mice. Nature, 2012. 487: p. 104.

Alimov, L., et al., Bile acid analogues are activators of pyrin inflammasome. The Journal
of biological chemistry, 2019. 294(10): p. 3359-3366.

Yang, J. and J. Yu, The association of diet, gut microbiota and colorectal cancer: what we
eat may imply what we get. Protein Cell, 2018. 9(5): p. 474-487.

Bertrand, S., et al., Metabolite induction via microorganism co-culture: a potential way
to enhance chemical diversity for drug discovery. Biotechnol Adv, 2014. 32(6): p. 1180-
204.

Baj, A., et al., Glutamatergic Signaling Along The Microbiota-Gut-Brain AXxis.
International journal of molecular sciences, 2019. 20(6): p. 1482.

Thomas, C.M., et al., Histamine derived from probiotic Lactobacillus reuteri suppresses
TNF via modulation of PKA and ERK signaling. PLoS One, 2012. 7(2): p. e31951.
Tsubota-Matsunami, M., et al., Colonic hydrogen sulfide-induced visceral pain and
referred hyperalgesia involve activation of both Ca(v)3.2 and TRPA1 channels in mice. )
Pharmacol Sci, 2012. 119(3): p. 293-6.

Pang, G., et al., How functional foods play critical roles in human health. Food Science
and Human Wellness, 2012. 1(1): p. 26-60.

Hongisto, S.M., et al., A combination of fibre-rich rye bread and yoghurt containing
Lactobacillus GG improves bowel function in women with self-reported constipation. Eur
J Clin Nutr, 2006. 60(3): p. 319-24.

Sairanen, U., et al., Yoghurt containing galacto-oligosaccharides, prunes and linseed
reduces the severity of mild constipation in elderly subjects. Eur ) Clin Nutr, 2007. 61(12):
p. 1423-8.

Sturtzel, B., et al., Use of fiber instead of laxative treatment in a geriatric hospital to
improve the wellbeing of seniors. ) Nutr Health Aging, 2009. 13(2): p. 136-9.

Rees, G., et al., Randomised-controlled trial of a fibre supplement on the symptoms of
irritable bowel syndrome. Journal of the Royal Society for the Promotion of Health, 2005.
125(1): p. 30-34.

Shulman, R.J., et al., Psyllium Fiber Reduces Abdominal Pain in Children With Irritable
Bowel Syndrome in a Randomized, Double-Blind Trial. Clin Gastroenterol Hepatol, 2017.
15(5): p. 712-719.€4.

Richardson, D.P., J. Ansell, and L.N. Drummond, The nutritional and health attributes of
kiwifruit: a review. European Journal of Nutrition, 2018. 57(8): p. 2659-2676.
Nishiyama, |., Fruits of the Actinidia Genus. Vol. 52. 2007. 293-324.

Eady, S.L., et al., The effect of ‘Zesy002’ kiwifruit (Actinidia chinensis var. chinensis) on
gut health function: a randomised cross-over clinical trial. Journal of Nutritional Science,
2019. 8: p. el8.

Sauvageau, J., et al., Characterisation of polysaccharides from gold kiwifruit (Actinidia
chinensis Planch. ‘Hort16A’). Vol. 82. 2010. 1110-1115.

Meena, N.K., et al., Postharvest Biology and Technology of Kiwifruit, in Postharvest
Biology and Technology of Temperate Fruits, S.A. Mir, M.A. Shah, and M.M. Mir, Editors.
2018, Springer International Publishing: Cham. p. 299-329.

Ferguson, A.R. and L.R. Ferguson. ARE KIWIFRUIT REALLY GOOD FOR YOU? 2003.
International Society for Horticultural Science (ISHS), Leuven, Belgium.

Sivakumaran, S., et al., The nutritional composition of Zespri(R) SunGold Kiwifruit and
Zespri(R) Sweet Green Kiwifruit. Food Chem, 2018. 238: p. 195-202.

G Seager, N. and R. M Haslemore, Rapid Estimation of Fruit Starch and Soluble Sugar
Concentrations in Kiwifruit. Vol. 28. 1993.

270



333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

Bayer, S.B., R.B. Gearry, and L.N. Drummond, Putative mechanisms of kiwifruit on
maintenance of normal gastrointestinal function. Critical Reviews in Food Science and
Nutrition, 2018. 58(14): p. 2432-2452.

Brownlee, I.A., The physiological roles of dietary fibre. Food Hydrocolloids, 2011. 25(2):
p. 238-250.

Mcintyre, A., et al., Effect of bran, ispaghula, and inert plastic particles on gastric
emptying and small bowel transit in humans: the role of physical factors. Gut, 1997.
40(2): p. 223.

Weir, L., et al.,, Efficacy of actinidin-containing kiwifruit extract Zyactinase on
constipation: a randomised double-blinded placebo-controlled clinical trial. Asia Pac J
Clin Nutr, 2018. 27(3): p. 564-571.

Chan, A.O., et al.,, Increasing dietary fiber intake in terms of kiwifruit improves
constipation in Chinese patients. World J Gastroenterol, 2007. 13(35): p. 4771-5.
Chang, C.C., et al., Kiwifruit improves bowel function in patients with irritable bowel
syndrome with constipation. Asia Pac J Clin Nutr, 2010. 19(4): p. 451-7.

Cunillera, O., et al., Improvement of functional constipation with kiwifruit intake in a
Mediterranean patient population: an open, non-randomized pilot study. Revista
Espafiola de Nutricion Humana y Dietética, 2015. 19: p. 58-67.

Rush, E.C,, et al., Kiwifruit promotes laxation in the elderly. Asia Pac J Clin Nutr, 2002.
11(2): p. 164-8.

Udani, J.K. and D.W. Bloom, Effects of kivia powder on Gut health in patients with
occasional constipation: a randomized, double-blind, placebo-controlled study. Nutrition
Journal, 2013. 12(1): p. 78.

Ansell, J., et al., Kiwifruit-derived supplements increase stool frequency in healthy adults:
a randomized, double-blind, placebo-controlled study. Nutr Res, 2015. 35(5): p. 401-8.
Eady, S.L., et al., The Effects on Immune Function and Digestive Health of Consuming the
Skin and Flesh of Zespri(®) SunGold Kiwifruit (Actinidia Chinensis var. Chinensis 'Zesy002')
in Healthy and IBS-Constipated Individuals. Nutrients, 2020. 12(5).

Blatchford, P., et al., Consumption of kiwifruit capsules increases Faecalibacterium
prausnitzii abundance in functionally constipated individuals: a randomised controlled
human trial. Journal of nutritional science, 2017. 6: p. e52-e52.

Wilson, R., et al., SunGold Kiwifruit Supplementation of Individuals with Prediabetes
Alters Gut Microbiota and Improves Vitamin C Status, Anthropometric and Clinical
Markers. Nutrients, 2018. 10(7).

Lopez-Siles, M., et al., Cultured representatives of two major phylogroups of human
colonic Faecalibacterium prausnitzii can utilize pectin, uronic acids, and host-derived
substrates for growth. Appl Environ Microbiol, 2012. 78(2): p. 420-8.

Matthies, A., et al., Conversion of Daidzein and Genistein by an Anaerobic Bacterium
Newly Isolated from the Mouse Intestine. Applied and Environmental Microbiology,
2008. 74(15): p. 4847.

Parkar, S.G., et al., Evaluation of the prebiotic potential of five kiwifruit cultivars after
simulated gastrointestinal digestion and fermentation with human faecal bacteria.
International Journal of Food Science & Technology, 2018. 53(5): p. 1203-1210.

Parkar, S.G., et al., Bioaminergic Responses in an In Vitro System Studying Human Gut
Microbiota—Kiwifruit Interactions. Microorganisms, 2020. 8(10): p. 1582.

Parkar, S., et al., In vitro Utilization of Gold and Green Kiwifruit Oligosaccharides by
Human Gut Microbial Populations. Vol. 67. 2012. 200-7.

Blatchford, P., et al., In vitro characterisation of the fermentation profile and prebiotic
capacity of gold-fleshed kiwifruit. Benef Microbes, 2015. 6(6): p. 829-39.

Monro, J.A. and G. Paturi, Kiwifruit Skin and Flesh Contributions to Fecal Bulking and
Bacterial Abundance in Rats. Plant Foods for Human Nutrition, 2020. 75(4): p. 525-531.

271



353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

Han, K.S., et al., Green kiwifruit modulates the colonic microbiota in growing pigs. Letters
in Applied Microbiology, 2011. 52(4): p. 379-385.

Montoya, C.A,, et al., Actinidin from kiwifruit (Actinidia deliciosa cv. Hayward) increases
the digestion and rate of gastric emptying of meat proteins in the growing pig. British
Journal of Nutrition, 2014. 111(6): p. 957-967.

Henare, S.J. and S.M. Rutherfurd, Chapter Ten - Digestion of Kiwifruit Fiber, in Advances
in Food and Nutrition Research, M. Boland and P.J. Moughan, Editors. 2013, Academic
Press. p. 187-203.

Montoya, C.A., et al., The digestion of kiwifruit (Actinidia deliciosa) fibre and the effect
of kiwifruit on the digestibility of other dietary nutrients. Food Chemistry, 2016. 197: p.
539-545.

Monro, J.A., G. Paturi, and S. Mishra, Effects of kiwifruit and mixed dietary fibre on faecal
properties and microbiota in rats: a dose—response analysis. International Journal of
Food Science & Technology, 2017. 52(9): p. 1923-1932.

Barbara, G., et al., Interactions between commensal bacteria and gut sensorimotor
function in health and disease. Am J Gastroenterol, 2005. 100(11): p. 2560-8.

Bassotti, G., et al., Abnormal Colonic Propagated Activity in Patients with Slow Transit
Constipation and Constipation-Predominant Irritable Bowel Syndrome. Digestion, 2003.
68(4): p. 178-183.

Montoya, C.A,, et al., Dietary actinidin from kiwifruit (Actinidia deliciosa cv. Hayward)
increases gastric digestion and the gastric emptying rate of several dietary proteins in
growing rats. J Nutr, 2014. 144(4): p. 440-6.

Pastorello, E.A., et al., Identification of actinidin as the major allergen of kiwi fruit.
Journal of Allergy and Clinical Immunology, 1998. 101(4): p. 531-537.

Hepner, G.W. and A.F. Hofmann, Cholic acid therapy for constipation. A controlled study.
Mayo Clin Proc, 1973. 48(5): p. 56-8.

Chen, T., et al., Dietary fibre-based SCFA mixtures promote both protection and repair of
intestinal epithelial barrier function in a Caco-2 cell model. Food Funct, 2017. 8(3): p.
1166-1173.

Paturi, G., et al., Influence of green and gold kiwifruit on indices of large bowel function
in healthy rats. ) Food Sci, 2014. 79(8): p. H1611-20.

Henare, S.)., et al., Digestible nutrients and available (ATP) energy contents of two
varieties of kiwifruit (Actinidia deliciosa and Actinidia chinensis). Food Chemistry, 2012.
130(1): p. 67-72.

Mack, D.R., et al., Probiotics inhibit enteropathogenic E. coliadherence in vitro by
inducing intestinal mucin gene expression. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 1999. 276(4): p. G941-G950.

Moughan, P.J., S.M. Rutherfurd, and P. Balan, Chapter Nine - Kiwifruit, Mucins, and the
Gut Barrier, in Advances in Food and Nutrition Research, M. Boland and P.J. Moughan,
Editors. 2013, Academic Press. p. 169-185.

Montoya, C.A., S.M. Rutherfurd, and P.J. Moughan, lleal Digesta Nondietary Substrates
from Cannulated Pigs Are Major Contributors to In Vitro Human Hindgut Short-Chain
Fatty Acid Production. J Nutr, 2017. 147(2): p. 264-271.

Grozdanovic, M.M., et al., Kiwifruit cysteine protease actinidin compromises the
intestinal barrier by disrupting tight junctions. Biochim Biophys Acta, 2016. 1860(3): p.
516-26.

Bublin, M., et al., IgE sensitization profiles toward green and gold kiwifruits differ among
patients allergic to kiwifruit from 3 European countries. J Allergy Clin Immunol, 2004.
114(5): p. 1169-75.

272



371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

Cavic, M., et al., The effect of kiwifruit (Actinidia deliciosa) cysteine protease actinidin on
the occludin tight junction network in T84 intestinal epithelial cells. Food Chem Toxicol,
2014.72: p. 61-8.

Park, S., et al., The impact of Hayward green kiwifruit on dietary protein digestion and
protein metabolism. European Journal of Nutrition, 2020.

D’Eliseo, D., et al., In vitro studies on anti-inflammatory activities of kiwifruit peel extract
in human THP-1 monocytes. Journal of Ethnopharmacology, 2019. 233: p. 41-46.

Qu, L., et al., Kiwifruit seed oil prevents obesity by regulating inflammation,
thermogenesis, and gut microbiota in high-fat diet-induced obese C57BL/6 mice. Food
Chem Toxicol, 2019. 125: p. 85-94.

Ciacci, C., et al., The kiwi fruit peptide kissper displays anti-inflammatory and anti-
oxidant effects in in-vitro and ex-vivo human intestinal models. Clinical and experimental
immunology, 2014. 175(3): p. 476-484.

Mazzoli, R. and E. Pessione, The Neuro-endocrinological Role of Microbial Glutamate
and GABA Signaling. Frontiers in Microbiology, 2016. 7(1934).

Bentley-Hewitt, K.L., et al., Influence of kiwifruit on gastric and duodenal inflammation-
related gene expression in aspirin-induced gastric mucosal damage in rats. Scientific
Reports, 2020. 10(1): p. 13055.

Iwasawa, H., et al., Influence of Kiwi Fruit on Immunity and Its Anti-oxidant Effects in
Mice. Food Science and Technology Research, 2010. 16(2): p. 135-142.

Ma, A., et al.,, Effect of kiwifruit extract supplementation on levels of serum
immunoglobulins and phagocytosis activity in mice. The FASEB Journal, 2006. 20(5): p.
A1057-A1057.

Hunter, D.C., et al., Feeding ZESPRI™ GOLD Kiwifruit puree to mice enhances serum
immunoglobulins specific for ovalbumin and stimulates ovalbumin-specific mesenteric
lymph node cell proliferation in response to orally administered ovalbumin. Nutrition
Research, 2008. 28(4): p. 251-257.

Bozonet, S.M., et al., Enhanced Human Neutrophil Vitamin C Status, Chemotaxis and
Oxidant Generation Following Dietary Supplementation with Vitamin C-Rich SunGold
Kiwifruit. Nutrients, 2015. 7(4).

Reddy, V.B. and E.A. Lerner, Plant cysteine proteases that evoke itch activate protease-
activated receptors. The British journal of dermatology, 2010. 163(3): p. 532-535.
Fiorucci, S., et al., Proteinase-activated receptor 2 is an anti-inflammatory signal for
colonic lamina propria lymphocytes in a mouse model of colitis. Proceedings of the
National Academy of Sciences of the United States of America, 2001. 98(24): p. 13936-
13941.

Auge, C., et al., Protease-activated receptor-4 (PAR 4): a role as inhibitor of visceral pain
and hypersensitivity. Neurogastroenterol Motil, 2009. 21(11): p. 1189-e107.

Tuppo, L., et al., Kiwellin, a modular protein from green and gold kiwi fruits: evidence of
in vivo and in vitro processing and IgE binding. J Agric Food Chem, 2008. 56(10): p. 3812-
7.

Ciardiello, M.A., et al., Kissper, a kiwi fruit peptide with channel-like activity: Structural
and functional features. Journal of Peptide Science, 2008. 14(6): p. 742-754.

Russo, I., et al., A Peptide from Kiwifruit Exerts Anti-Inflammatory Effects in Celiac
Disease Mucosa. Journal of the American College of Nutrition, 2019. 38(5): p. 433-440.
Wang, H. and T.B. Ng, Isolation of an antifungal thaumatin-like protein from kiwi fruits.
Phytochemistry, 2002. 61(1): p. 1-6.

Fuchs, J. and H. Kern, Modulation of UV-light-induced skin inflammation by D-alpha-
tocopherol and L-ascorbic acid: a clinical study using solar simulated radiation. Free
Radic Biol Med, 1998. 25(9): p. 1006-12.

273



390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

Devaraj, S., I. Hugou, and I. Jialal, Alpha-tocopherol decreases CD36 expression in human
monocyte-derived macrophages. ) Lipid Res, 2001. 42(4): p. 521-7.

Vissers, M.C.M. and R.P. Wilkie, Ascorbate deficiency results in impaired neutrophil
apoptosis and clearance and is associated with up-regulation of hypoxia-inducible factor
1a. ) Leukoc Biol, 2007. 81(5): p. 1236-1244.

Parker, A., et al., Roles of superoxide and myeloperoxidase in ascorbate oxidation in
stimulated neutrophils and H202-treated HL60 cells. Free Radical Biology and Medicine,
2011. 51(7): p. 1399-1405.

Carr, A.C. and S. Maggini, Vitamin C and Immune Function. Nutrients, 2017. 9(11): p.
1211.

Lee, G.Y. and S.N. Han, The Role of Vitamin E in Immunity. Nutrients, 2018. 10(11): p.
1614.

Lewis, E.D., S.N. Meydani, and D. Wu, Regulatory role of vitamin E in the immune system
and inflammation. IUBMB Life, 2019. 71(4): p. 487-494.

Fuchs, J. and H. Kern, Modulation of UV-light-induced skin inflammation by d-alpha-
tocopherol and Il-ascorbic acid: a clinical study using solar simulated radiation. Free
Radical Biology and Medicine, 1998. 25(9): p. 1006-1012.

Carr, A.C. and B. Frei, Toward a new recommended dietary allowance for vitamin C based
on antioxidant and health effects in humans. Am J Clin Nutr, 1999. 69(6): p. 1086-107.
Chew, B.P., Antioxidant Vitamins Affect Food Animal Immunity and Health. The Journal
of Nutrition, 1995. 125(suppl_6): p. 1804S5-1808S.

Bghn, S.K., et al., Blood cell gene expression associated with cellular stress defense is
modulated by antioxidant-rich food in a randomised controlled clinical trial of male
smokers. BMC Medicine, 2010. 8(1): p. 54.

Brevik, A., et al., Supplementation of a western diet with golden kiwifruits (Actinidia
chinensis var.'Hort 16A':) effects on biomarkers of oxidation damage and antioxidant
protection. Nutrition Journal, 2011. 10(1): p. 54.

Edmunds, S.J., et al., Kiwifruit extracts inhibit cytokine production by lipopolysaccharide-
activated macrophages, and intestinal epithelial cells isolated from IL10 gene deficient
mice. Cellular Immunology, 2011. 270(1): p. 70-79.

Paturi, G., et al., Kiwifruit drives human microbiota-derived DNA to stimulate IL-7
secretion in intestinal epithelial cells. Journal of Functional Foods, 2020. 67: p. 103882.
Edmunds, S.J., et al., Effects of kiwifruit extracts on colonic gene and protein expression
levels in IL-10 gene-deficient mice. British Journal of Nutrition, 2012. 108(1): p. 113-129.
Mahmoud, Y., Kiwi fruit (Actinidia deliciosa) ameliorates gentamicin-induced
nephrotoxicity in albino mice via the activation of Nrf2 and the inhibition of NF-kB (Kiwi
& gentamicin-induced nephrotoxicity). Biomedicine & Pharmacotherapy, 2017. 94: p.
206-218.

Shu, Q., et al., Kiwifruit extract enhances markers of innate and acquired immunity in a
murine model. Food and Agricultural Immunology, 2008. 19(2): p. 149-161.

Lazaridis, N. and G. Germanidis, Current insights into the innate immune system
dysfunction in irritable bowel syndrome. Annals of gastroenterology, 2018. 31(2): p. 171-
187.

Rodifo-Janeiro, B.K., et al., Mucosal RNA and protein expression as the next frontier in
IBS: abnormal function despite morphologically intact small intestinal mucosa. American
Journal of Physiology-Gastrointestinal and Liver Physiology, 2019. 316(6): p. G701-G719.
Gupta, A, et al., Gene expression profiles in peripheral blood mononuclear cells correlate
with salience network activity in chronic visceral pain: A pilot study.
Neurogastroenterology & Motility, 2017. 29(6): p. e13027.

Enck, P. and N. Mazurak, Dysbiosis in Functional Bowel Disorders. Annals of Nutrition
and Metabolism, 2018. 72(4): p. 296-306.

274



410.

411.

412.

413.

414.

415.

416.

417.

418.

4109.

420.

421.

422.

423.

424.

425.

426.

427.

428.

429.

Gorkiewicz, G., et al., Alterations in the Colonic Microbiota in Response to Osmotic
Diarrhea. PLOS ONE, 2013. 8(2): p. e55817.

Zhao, L., et al., A Clostridia-rich microbiota enhances bile acid excretion in diarrhea-
predominant irritable bowel syndrome. The Journal of Clinical Investigation, 2020.
130(1): p. 438-450.

Swidsinski, A., et al., Biostructure of Fecal Microbiota in Healthy Subjects and Patients
With Chronic Idiopathic Diarrhea. Gastroenterology, 2008. 135(2): p. 568-579.e2.
Singh, P., et al., Similarities in Clinical and Psychosocial Characteristics of Functional
Diarrhea and Irritable Bowel Syndrome With Diarrhea. Clinical gastroenterology and
hepatology : the official clinical practice journal of the American Gastroenterological
Association, 2020. 18(2): p. 399-405.e1.

Ruffle, J.K., et al., Constipation Predominant Irritable Bowel Syndrome and Functional
Constipation Are Not Discrete Disorders: A Machine Learning Approach. Official journal
of the American College of Gastroenterology | ACG, 2021. 116(1).

Zhu, L., et al., Structural changes in the gut microbiome of constipated patients.
Physiological Genomics, 2014. 46(18): p. 679-686.

Guo, M., et al., The composition of intestinal microbiota and its association with
functional constipation of the elderly patients. Future Microbiology, 2020. 15(3): p. 163-
175.

Khalif, I.L., et al., Alterations in the colonic flora and intestinal permeability and evidence
of immune activation in chronic constipation. Dig Liver Dis, 2005. 37(11): p. 838-49.
Zoppi, G., et al.,, The intestinal ecosystem in chronic functional constipation. Acta
Paediatr, 1998. 87(8): p. 836-41.

Kim, S.-E., et al., Change of Fecal Flora and Effectiveness of the Short-term VSL#3
Probiotic Treatment in Patients With Functional Constipation. Journal of
Neurogastroenterology and Motility, 2015. 21(1): p. 111-120.

Vich Vila, A., et al., Gut microbiota composition and functional changes in inflammatory
bowel disease and irritable bowel syndrome. Science Translational Medicine, 2018.
10(472): p. eaap8914.

Mei, L., et al.,, Gut microbiota composition and functional prediction in diarrhea-
predominant irritable bowel syndrome. BMC Gastroenterology, 2021. 21(1): p. 105.
Lee, S.M.,, et al., Compositional and Functional Changes in the Gut Microbiota in Irritable
Bowel Syndrome Patients. Gut and Liver, 2021. 15(2): p. 253-261.

Méndez-Garcia, C., et al., Complementary Methodologies To Investigate Human Gut
Microbiota in Host Health, Working towards Integrative Systems Biology. Journal of
bacteriology, 2018. 200(3): p. e00376-17.

Heenan, P., et al., Cohort Profile: The Christchurch IBS cOhort to investigate Mechanisms
FOr gut Relief and improved Transit (COMFORT). Inflammatory Intestinal Diseases, 2020.
5(3): p. 132-143.

Turnbaugh, P.J., et al., The Human Microbiome Project. Nature, 2007. 449(7164): p. 804-
810.

Zhang, J., et al., PEAR: a fast and accurate lllumina Paired-End reAd mergeR.
Bioinformatics (Oxford, England), 2014. 30(5): p. 614-620.

Bengtsson-Palme, J., et al.,, metaxa2: improved identification and taxonomic
classification of small and large subunit rRNA in metagenomic data. Molecular Ecology
Resources, 2015. 15(6): p. 1403-1414.

Quast, C., et al., The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic acids research, 2013. 41(Database issue): p.
D590-D596.

Buchfink, B., C. Xie, and D.H. Huson, Fast and sensitive protein alignment using
DIAMOND. Nature Methods, 2015. 12(1): p. 59-60.

275



430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

441.

442.

443,

444,

445,

446.

447.

448.

Huson, D.H., et al., MEGAN Community Edition - Interactive Exploration and Analysis of
Large-Scale Microbiome Sequencing Data. PLOS Computational Biology, 2016. 12(6): p.
€1004957.

Paulson, J.N., et al., Differential abundance analysis for microbial marker-gene surveys.
Nature Methods, 2013. 10(12): p. 1200-1202.

Gibson, G.R., G.T. Macfarlane, and J.H. Cummings, Occurrence of sulphate-reducing
bacteria in human faeces and the relationship of dissimilatory sulphate reduction to
methanogenesis in the large gut. ) Appl Bacteriol, 1988. 65(2): p. 103-11.

Christl, S.U., G.R. Gibson, and J.H. Cummings, Role of dietary sulphate in the regulation
of methanogenesis in the human large intestine. Gut, 1992. 33(9): p. 1234.

Attaluri, A., et al., Methanogenic Flora Is Associated With Altered Colonic Transit but Not
Stool Characteristics in Constipation Without IBS. Official journal of the American College
of Gastroenterology | ACG, 2010. 105(6).

Pimentel, M., et al., Methane, a gas produced by enteric bacteria, slows intestinal transit
and augments small intestinal contractile activity. Am J Physiol Gastrointest Liver
Physiol, 2006. 290(6): p. G1089-95.

Strocchi, A., et al., Methanogens outcompete sulphate reducing bacteria for H2 in the
human colon. Gut, 1994. 35(8): p. 1098.

Gibson, G.R., J.H. Cummings, and G.T. Macfarlane, Competition for hydrogen between
sulphate-reducing bacteria and methanogenic bacteria from the human large intestine.
J Appl Bacteriol, 1988. 65(3): p. 241-7.

Maukonen, J., et al., Prevalence and temporal stability of selected clostridial groups in
irritable bowel syndrome in relation to predominant faecal bacteria. Journal of Medical
Microbiology, 2006. 55(5): p. 625-633.

Sun, Q., et al., Alterations in fecal short-chain fatty acids in patients with irritable bowel
syndrome: A systematic review and meta-analysis. Medicine, 2019. 98(7).

Soret, R., et al., Short-Chain Fatty Acids Regulate the Enteric Neurons and Control
Gastrointestinal Motility in Rats. Gastroenterology, 2010. 138(5): p. 1772-1782.e4.
Reigstad, C.S., et al., Gut microbes promote colonic serotonin production through an
effect of short-chain fatty acids on enterochromaffin cells. FASEB journal : official
publication of the Federation of American Societies for Experimental Biology, 2015.
29(4): p. 1395-1403.

Shimizu, K., et al., Altered Gut Flora Are Associated with Septic Complications and Death
in Critically Ill Patients with Systemic Inflammatory Response Syndrome. Digestive
Diseases and Sciences, 2011. 56(4): p. 1171-1177.

Nishida, A., et al., Gut microbiota in the pathogenesis of inflammatory bowel disease.
Clinical Journal of Gastroenterology, 2018. 11(1): p. 1-10.

Lopetuso, L.R., et al., Commensal Clostridia: leading players in the maintenance of gut
homeostasis. Gut Pathog, 2013. 5(1): p. 23.

Shukla, R., et al., Fecal Microbiota in Patients with Irritable Bowel Syndrome Compared
with Healthy Controls Using Real-Time Polymerase Chain Reaction: An Evidence of
Dysbiosis. Digestive Diseases and Sciences, 2015. 60(10): p. 2953-2962.
Fernandez-Veledo, S. and J. Vendrell, Gut microbiota-derived succinate: Friend or foe in
human metabolic diseases? Reviews in Endocrine and Metabolic Disorders, 2019. 20(4):
p. 439-447.

Connors, J., N. Dawe, and J. Van Limbergen, The Role of Succinate in the Regulation of
Intestinal Inflammation. Nutrients, 2019. 11(1).

Ariake, K., et al., <Original Article>Roles of mucosal bacteria and succinic acid in colitis
caused by dextran sulfate sodium in mice. Journal of Medical and Dental Sciences, 2000.
47(4): p. 233-241.

276



449.

450.

451.

452.

453.

454,

455.

456.

457.

458.

459.

460.

461.

462.

463.

464.

465.

466.

467.

468.

Ferreyra, Jessica A., et al., Gut Microbiota-Produced Succinate Promotes C. difficile
Infection after Antibiotic Treatment or Motility Disturbance. Cell Host & Microbe, 2014.
16(6): p. 770-777.

Milstien, S. and P. Goldman, Role of intestinal microflora in the metabolism of
guanidinosuccinic acid. Journal of bacteriology, 1973. 114(2): p. 641-644.

Hu, F.Z.,, et al., Deletion of genes involved in the ketogluconate metabolism, Entner-
Doudoroff pathway, and glucose dehydrogenase increase local and invasive virulence
phenotypes in Streptococcus pneumoniae. PLoS One, 2019. 14(1): p. e0209688.

Patra, T., et al., The Entner-Doudoroff pathway is obligatory for gluconate utilization and
contributes to the pathogenicity of Vibrio cholerae. ) Bacteriol, 2012. 194(13): p. 3377-
85.

Dodd, D., et al., A gut bacterial pathway metabolizes aromatic amino acids into nine
circulating metabolites. Nature, 2017. 551(7682): p. 648-652.

Russell, W.R., et al., Major phenylpropanoid-derived metabolites in the human gut can
arise from microbial fermentation of protein. Molecular Nutrition & Food Research,
2013.57(3): p. 523-535.

Bosi, A., et al.,, Tryptophan Metabolites Along the Microbiota-Gut-Brain Axis: An
Interkingdom Communication System Influencing the Gut in Health and Disease.
International Journal of Tryptophan Research, 2020. 13: p. 1178646920928984.
Andriamihaja, M., et al., The deleterious metabolic and genotoxic effects of the bacterial
metabolite p-cresol on colonic epithelial cells. Free Radical Biology and Medicine, 2015.
85: p. 219-227.

Hu, Y., et al., Integrative analysis of the gut microbiome and metabolome in a rat model
with stress induced irritable bowel syndrome. Sci Rep, 2021. 11(1): p. 17596.

Winter, S.E. and A.J. Baumler, Dysbiosis in the inflamed intestine: chance favors the
prepared microbe. Gut microbes, 2014. 5(1): p. 71-73.

Si, J.M.,, et al., Intestinal microecology and quality of life in irritable bowel syndrome
patients. World J Gastroenterol, 2004. 10(12): p. 1802-5.

Matsuoka, K. and T. Kanai, The gut microbiota and inflammatory bowel disease.
Seminars in Immunopathology, 2015. 37(1): p. 47-55.

Willing, B.P., et al., A Pyrosequencing Study in Twins Shows That Gastrointestinal
Microbial  Profiles Vary With Inflammatory Bowel Disease Phenotypes.
Gastroenterology, 2010. 139(6): p. 1844-1854.e1.

Carroll, .M., et al., Characterization of the fecal microbiota using high-throughput
sequencing reveals a stable microbial community during storage. PLoS One, 2012. 7(10):
p. e46953.

Kolling, G., M. Wu, and R. Guerrant, Enteric pathogens through life stages. Frontiers in
Cellular and Infection Microbiology, 2012. 2(114).

Lupp, C., et al., Host-Mediated Inflammation Disrupts the Intestinal Microbiota and
Promotes the Overgrowth of Enterobacteriaceae. Cell Host & Microbe, 2007. 2(2): p.
119-129.

Stecher, B., et al., Salmonella enterica Serovar Typhimurium Exploits Inflammation to
Compete with the Intestinal Microbiota. PLOS Biology, 2007. 5(10): p. e244.

Barman, M., et al., Enteric Salmonellosis Disrupts the Microbial Ecology of the Murine
Gastrointestinal Tract. Infection and Immunity, 2008. 76(3): p. 907.

Haag, L.-M., et al., Intestinal Microbiota Shifts towards Elevated Commensal Escherichia
coli Loads Abrogate Colonization Resistance against Campylobacter jejuni in Mice. PLOS
ONE, 2012. 7(5): p. e35988.

Raetz, M., et al., Parasite-induced TH1 cells and intestinal dysbiosis cooperate in IFN-y-
dependent elimination of Paneth cells. Nature Immunology, 2013. 14(2): p. 136-142.

277



469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

480.

481.

482.

483.

484.

485.

486.

487.

488.

489.

490.

Molloy, Michael J., et al., Intraluminal Containment of Commensal Outgrowth in the Gut
during Infection-Induced Dysbiosis. Cell Host & Microbe, 2013. 14(3): p. 318-328.
Gophna, U., et al., Differences between tissue-associated intestinal microfloras of
patients with Crohn's disease and ulcerative colitis. J Clin Microbiol, 2006. 44(11): p.
4136-41.

Frank, D.N., et al., Molecular-phylogenetic characterization of microbial community
imbalances in human inflammatory bowel diseases. Proceedings of the National
Academy of Sciences, 2007. 104(34): p. 13780.

Seksik, P., et al., Alterations of the dominant faecal bacterial groups in patients with
Crohn&#039;s disease of the colon. Gut, 2003. 52(2): p. 237.

Normann, E., et al., Intestinal microbial profiles in extremely preterm infants with and
without necrotizing enterocolitis. Acta Paediatrica, 2013. 102(2): p. 129-136.
Maccaferri, S., et al., IBS-associated phylogenetic unbalances of the intestinal microbiota
are not reverted by probiotic supplementation. Gut Microbes, 2012. 3(5): p. 406-413.
Giamarellos-Bourboulis, E., et al., Molecular assessment of differences in the duodenal
microbiome in subjects with irritable bowel syndrome. Scandinavian Journal of
Gastroenterology, 2015. 50(9): p. 1076-1087.

lorio, N., Z. Malik, and R. Schey, Profile of rifaximin and its potential in the treatment of
irritable bowel syndrome. Clinical and experimental gastroenterology, 2015. 8: p. 159-
167.

Eckburg, P.B., et al., Diversity of the human intestinal microbial flora. Science, 2005.
308(5728): p. 1635-8.

Garrett, W.S., et al., <em>Enterobacteriaceae</em> Act in Concert with the Gut
Microbiota to Induce Spontaneous and Maternally Transmitted Colitis. Cell Host &
Microbe, 2010. 8(3): p. 292-300.

Garsin, D.A., Ethanolamine utilization in bacterial pathogens: roles and regulation. Nat
Rev Microbiol, 2010. 8(4): p. 290-5.

Tsoy, O., D. Ravcheev, and A. Mushegian, Comparative genomics of ethanolamine
utilization. ) Bacteriol, 2009. 191(23): p. 7157-64.

Maslowski, K.M., et al., Regulation of inflammatory responses by gut microbiota and
chemoattractant receptor GPR43. Nature, 2009. 461(7268): p. 1282-6.

Hensel, M., et al., The genetic basis of tetrathionate respiration in Salmonella
typhimurium. Molecular Microbiology, 1999. 32(2): p. 275-287.

Price-Carter, M., et al., The alternative electron acceptor tetrathionate supports B12-
dependent anaerobic growth of Salmonella enterica serovar typhimurium on
ethanolamine or 1,2-propanediol. Journal of bacteriology, 2001. 183(8): p. 2463-2475.
Mota, L.J., I. Sorg, and G.R. Cornelis, Type lll secretion: The bacteria-eukaryotic cell
express. FEMS Microbiology Letters, 2005. 252(1): p. 1-10.

Cossart, P. and P.J. Sansonetti, Bacterial Invasion: The Paradigms of Enteroinvasive
Pathogens. Science, 2004. 304(5668): p. 242.

Caron, E., et al., Subversion of actin dynamics by EPEC and EHEC. Current Opinion in
Microbiology, 2006. 9(1): p. 40-45.

Di Lorenzo, M. and M. Stork, Plasmid-Encoded Iron Uptake Systems. Microbiology
Spectrum, 2014. 2(6).

Dogan, B., et al., Evaluation of Escherichia coli pathotypes associated with irritable bowel
syndrome. FEMS Microbiology Letters, 2018. 365(22).

Vich Vila, A., et al., Gut microbiota composition and functional changes in inflammatory
bowel disease and irritable bowel syndrome. Science Translational Medicine, 2018.
10(472): p. eaap8914.

Zhao, X., Z. Yu, and T. Ding, Quorum-Sensing Regulation of Antimicrobial Resistance in
Bacteria. Microorganisms, 2020. 8(3): p. 425.

278



491.

492.

493.

494.

495.

496.

497.

498.

499.

500.

501.

502.

503.

504.

505.

506.

507.

508.

509.

510.

511.

512.

Rutherford, S.T. and B.L. Bassler, Bacterial quorum sensing: its role in virulence and
possibilities for its control. Cold Spring Harbor perspectives in medicine, 2012. 2(11): p.
a012427.

Papenfort, K. and B.L. Bassler, Quorum sensing signal-response systems in Gram-
negative bacteria. Nature Reviews Microbiology, 2016. 14(9): p. 576-588.

Koczura, R. and A. Kaznowski, The Yersinia high-pathogenicity island and iron-uptake
systems in clinical isolates of Escherichia coli. ] Med Microbiol, 2003. 52(Pt 8): p. 637-
642.

Bach, S., A. de Almeida, and E. Carniel, The Yersinia high-pathogenicity island is present
in different members of the family Enterobacteriaceae. FEMS Microbiology Letters,
2000. 183(2): p. 289-294.

Toyonaga, T., et al., Lipocalin 2 prevents intestinal inflammation by enhancing
phagocytic bacterial clearance in macrophages. Scientific Reports, 2016. 6(1): p. 35014.
Goetz, D.H., et al., The Neutrophil Lipocalin NGAL Is a Bacteriostatic Agent that Interferes
with Siderophore-Mediated Iron Acquisition. Molecular Cell, 2002. 10(5): p. 1033-1043.
Moore, D.G. and C.F. Earhart, Specific inhibition of Escherichia coli ferrienterochelin
uptake by a normal human serum immunoglobulin. Infection and immunity, 1981. 31(2):
p. 631-635.

Neilands, J.B., Siderophores of bacteria and fungi. Microbiological sciences, 1984. 1(1):
p. 9-14.

de Lorenzo, V. and J.B. Neilands, Characterization of iucA and iucC genes of the
aerobactin system of plasmid ColV-K30 in Escherichia coli. Journal of Bacteriology, 1986.
167(1): p. 350.

Grass, G., et al., Linkage between catecholate siderophores and the multicopper oxidase
CueO in Escherichia coli. Journal of bacteriology, 2004. 186(17): p. 5826-5833.

Djoko, K.Y., et al., The Role of Copper and Zinc Toxicity in Innate Immune Defense against
Bacterial Pathogens *. Journal of Biological Chemistry, 2015. 290(31): p. 18954-18961.
Zhao, L., et al., A Clostridia-rich microbiota enhances bile acid excretion in diarrhea-
predominant irritable bowel syndrome. J Clin Invest, 2020. 130(1): p. 438-450.

James, S.C,, et al., Concentrations of Fecal Bile Acids in Participants with Functional Gut
Disorders and Healthy Controls. Metabolites, 2021. 11(9).

Wadhwa, A., et al., High risk of post-infectious irritable bowel syndrome in patients with
Clostridium difficile infection. Aliment Pharmacol Ther, 2016. 44(6): p. 576-582.
Clayton, E.M.,, et al., Carriage of Clostridium difficile in outpatients with irritable bowel
syndrome. Journal of Medical Microbiology, 2012. 61(9): p. 1290-1294.

Vanlnsberghe, D., et al., Diarrhoeal events can trigger long-term Clostridium difficile
colonization with recurrent blooms. Nat Microbiol, 2020. 5(4): p. 642-650.

Zheng, X., et al., Self-reported lactose intolerance in clinic patients with functional
gastrointestinal symptoms: prevalence, risk factors, and impact on food choices.
Neurogastroenterology & Motility, 2015. 27(8): p. 1138-1146.

Casellas, F., et al., Perception of lactose intolerance impairs health-related quality of life.
European Journal of Clinical Nutrition, 2016. 70(9): p. 1068-1072.

Yang, J., et al., Prevalence and Presentation of Lactose Intolerance and Effects on Dairy
Product Intake in Healthy Subjects and Patients With Irritable Bowel Syndrome. Clinical
Gastroenterology and Hepatology, 2013. 11(3): p. 262-268.e1.

Binder, H.J., Role of Colonic Short-Chain Fatty Acid Transport in Diarrhea. Annual Review
of Physiology, 2010. 72(1): p. 297-313.

Zheng, Y., et al., A pathway for biological methane production using bacterial iron-only
nitrogenase. Nature Microbiology, 2018. 3(3): p. 281-286.

Thomason, M.K. and G. Storz, Bacterial Antisense RNAs: How Many Are There, and What
Are They Doing? Annual Review of Genetics, 2010. 44(1): p. 167-188.

279



513.

514.

515.

516.

517.

518.

519.

520.

521.

522.

523.

524.

525.

526.

527.

528.

529.

530.

531.

532.

Georg, J. and W.R. Hess, &lt;em&gt;cis&it,/em&gt;-Antisense RNA, Another Level of
Gene Regulation in Bacteria. Microbiology and Molecular Biology Reviews, 2011. 75(2):
p. 286.

Hsieh, Y.-H., et al., Impact of Different Fecal Processing Methods on Assessments of
Bacterial Diversity in the Human Intestine. Frontiers in Microbiology, 2016. 7(1643).
Wu, G.D,, et al.,, Sampling and pyrosequencing methods for characterizing bacterial
communities in the human gut using 16S sequence tags. BMC Microbiology, 2010. 10(1):
p. 206.

Carroll, I.M., et al., Luminal and mucosal-associated intestinal microbiota in patients
with diarrhea-predominant irritable bowel syndrome. Gut Pathog, 2010. 2(1): p. 19.
Zoetendal, E.G., et al., Mucosa-Associated Bacteria in the Human Gastrointestinal Tract
Are Uniformly Distributed along the Colon and Differ from the Community Recovered
from Feces. Applied and Environmental Microbiology, 2002. 68(7): p. 3401.

Zmora, N., et al., Personalized Gut Mucosal Colonization Resistance to Empiric Probiotics
Is Associated with Unique Host and Microbiome Features. Cell, 2018. 174(6): p. 1388-
1405.e21.

Ford, A.C. and N.J. Talley, Mucosal inflammation as a potential etiological factor in
irritable bowel syndrome: a systematic review. J Gastroenterol, 2011. 46(4): p. 421-31.
Burns, G., et al., Evidence for Local and Systemic Immune Activation in Functional
Dyspepsia and the Irritable Bowel Syndrome: A Systematic Review. Official journal of the
American College of Gastroenterology | ACG, 2019. 114(3).

Tamboli, C.P., et al., Dysbiosis in inflammatory bowel disease. Gut, 2004. 53(1): p. 1-4.
Garrett, W.S., et al., Communicable Ulcerative Colitis Induced by T-bet Deficiency in the
Innate Immune System. Cell, 2007. 131(1): p. 33-45.

Carvalho, F.A., et al., Crohn's disease-associated Escherichia coli LF82 aggravates colitis
in injured mouse colon via signaling by flagellin. Inflammatory Bowel Diseases, 2008.
14(8): p. 1051-1060.

Barbara, G., et al., The Immune System in Irritable Bowel Syndrome. Journal of
Neurogastroenterology and Motility, 2011. 17(4): p. 349-359.

Dinan, T.G., et al., Enhanced cholinergic-mediated increase in the pro-inflammatory
cytokine IL-6 in irritable bowel syndrome: role of muscarinic receptors. Am )
Gastroenterol, 2008. 103(10): p. 2570-6.

Ohman, L., et al., A controlled study of colonic immune activity and beta7+ blood T
lymphocytes in patients with irritable bowel syndrome. Clin Gastroenterol Hepatol,
2005. 3(10): p. 980-6.

Cenac, N., et al., Role for protease activity in visceral pain in irritable bowel syndrome.
The Journal of Clinical Investigation, 2007. 117(3): p. 636-647.

Barbara, G., et al., Mast Cell-Dependent Excitation of Visceral-Nociceptive Sensory
Neurons in Irritable Bowel Syndrome. Gastroenterology, 2007. 132(1): p. 26-37.
Buhner, S., et al., Activation of Human Enteric Neurons by Supernatants of Colonic Biopsy
Specimens From Patients With Irritable Bowel Syndrome. Gastroenterology, 2009.
137(4): p. 1425-1434.

Elsenbruch, S., et al., Are there alterations of neuroendocrine and cellular immune
responses to nutrients in women with irritable bowel syndrome? Am ) Gastroenterol,
2004.99(4): p. 703-10.

Liebregts, T., et al., Immune activation in patients with irritable bowel syndrome.
Gastroenterology, 2007. 132(3): p. 913-20.

Verhoeckx K, C.P., Lopez-Expdsito |, et al.,, The Impact of Food Bioactives on Health: in
vitro and ex vivo models. 2015.

280



533.

534.

535.

536.

537.

538.

539.

540.

541.

542.

543.

544.

545.

546.

547.

548.

549.

550.

551.

552.

El Hokayem, J., H.N. Cukier, and D.M. Dykxhoorn, Blood Derived Induced Pluripotent
Stem Cells (iPSCs): Benefits, Challenges and the Road Ahead. ] Alzheimers Dis
Parkinsonism, 2016. 6(5).

Aziz, H., A. Zaas, and G.S. Ginsburg, Peripheral blood gene expression profiling for
cardiovascular disease assessment. Genomic Medicine, 2007. 1(3): p. 105-112.

Liew, C.C,, et al., The peripheral blood transcriptome dynamically reflects system wide
biology: a potential diagnostic tool. J Lab Clin Med, 2006. 147(3): p. 126-32.

Dobin, A., et al., STAR: ultrafast universal RNA-seq aligner. Bioinformatics, 2013. 29(1):
p. 15-21.

Fabregat, A., et al., Reactome pathway analysis: a high-performance in-memory
approach. BMC bioinformatics, 2017. 18(1): p. 142.

Jassal, B., et al., The reactome pathway knowledgebase. Nucleic Acids Research, 2020.
48(D1): p. D498-D503.

Benjamini, Y. and Y. Hochberg, Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society. Series B
(Methodological), 1995. 57(1): p. 289-300.

Allison, D.B., et al., Microarray data analysis: from disarray to consolidation and
consensus. Nat Rev Genet, 2006. 7(1): p. 55-65.

Brebner, J.A. and R.A. Stockley, Polyclonal free light chains: a biomarker of inflammatory
disease or treatment target? F1000 medicine reports, 2013. 5: p. 4-4.

Aggarwal, R., et al., Serum free light chains as biomarkers for systemic lupus
erythematosus disease activity. Arthritis Care & Research, 2011. 63(6): p. 891-898.
Gottenberg, J.E., et al., Serum immunoglobulin free light chain assessment in rheumatoid
arthritis and primary Sjégren’s syndrome. Annals of the Rheumatic Diseases, 2007.
66(1): p. 23.

Kayserova, J., et al., Serum immunoglobulin free light chains in severe forms of atopic
dermatitis. Scand J Immunol, 2010. 71(4): p. 312-6.

Kraneveld, A.D., et al., Elicitation of allergic asthma by immunoglobulin free light chains.
Proceedings of the National Academy of Sciences of the United States of America, 2005.
102(5): p. 1578-1583.

Powe, D.G., et al., Evidence for the involvement of free light chain immunoglobulins in
allergic and nonallergic rhinitis. Journal of Allergy and Clinical Immunology, 2010.
125(1): p. 139-145.e3.

Schouten, B., et al., Contribution of IgE and immunoglobulin free light chain in the
allergic reaction to cow's milk proteins. Journal of Allergy and Clinical Immunology, 2010.
125(6): p. 1308-1314.

Rijnierse, A., et al., Ig-Free Light Chains Play a Crucial Role in Murine Mast Cell-
Dependent Colitis and Are Associated with Human Inflammatory Bowel Diseases. The
Journal of Immunology, 2010. 185(1): p. 653.

Hutchinson, A.T., D.R. Jones, and R.L. Raison, The ability to interact with cell membranes
suggests possible biological roles for free light chain. Immunol Lett, 2012. 142(1-2): p.
75-7.

Redegeld, F.A,, et al., Immunoglobulin-free light chains elicit immediate hypersensitivity-
like responses. Nature Medicine, 2002. 8(7): p. 694-701.

Nakano, T. and A. Nagata, ELISAs for free light chains of human immunoglobulins using
monoclonal antibodies: comparison of their specificity with available polyclonal
antibodies. ) Immunol Methods, 2003. 275(1-2): p. 9-17.

Redegeld, F.A,, et al., Immunoglobulin-free light chains elicit immediate hypersensitivity-
like responses. Nat Med, 2002. 8(7): p. 694-701.

281



553.

554.

555.

556.

557.

558.

559.

560.

561.

562.

563.

564.

565.

566.

567.

568.

569.

570.

571.

572.

Cohen, G., M. Rudnicki, and W.H. Horl, Uremic toxins modulate the spontaneous
apoptotic cell death and essential functions of neutrophils. Kidney Int Suppl, 2001. 78: p.
S48-52.

Braber, S., et al., An association between neutrophils and immunoglobulin free light
chains in the pathogenesis of chronic obstructive pulmonary disease. Am J Respir Crit
Care Med, 2012. 185(8): p. 817-24.

Matsumori, A., et al., Effects of free immunoglobulin light chains on viral myocarditis.
Circ Res, 2010. 106(9): p. 1533-40.

Wardemann, H., J. Hammersen, and M.C. Nussenzweig, Human autoantibody silencing
by immunoglobulin light chains. The Journal of experimental medicine, 2004. 200(2): p.
191-199.

Kambayashi, T. and G.A. Koretzky, Proximal signaling events in Fc&#x25b;RI-mediated
mast cell activation. Journal of Allergy and Clinical Immunology, 2007. 119(3): p. 544-
552.

Kanagaratham, C., et al., IgE and IgG Antibodies as Regulators of Mast Cell and Basophil
Functions in Food Allergy. Frontiers in immunology, 2020. 11: p. 603050-603050.
Powell, N., et al., Increased prevalence of gastrointestinal symptoms in patients with
allergic disease. Postgraduate Medical Journal, 2007. 83(977): p. 182.

Vivinus-Nébot, M., et al., Combination of Allergic Factors Can Worsen Diarrheic Irritable
Bowel Syndrome: Role of Barrier Defects and Mast Cells. Official journal of the American
College of Gastroenterology | ACG, 2012. 107(1).

Tobin, M.C., et al., Atopic irritable bowel syndrome: a novel subgroup of irritable bowel
syndrome with allergic manifestations. Ann Allergy Asthma Immunol, 2008. 100(1): p.
49-53,

Pearson, J.S., et al., Immunoglobulin E in irritable bowel syndrome: another target for
treatment? A case report and literature review. Therapeutic advances in
gastroenterology, 2015. 8(5): p. 270-277.

Huber-Lang, M., et al., Auxiliary activation of the complement system and its importance
for the pathophysiology of clinical conditions. Seminars in Immunopathology, 2018.
40(1): p. 87-102.

Tradtrantip, L., et al., Potential therapeutic benefit of Cl-esterase inhibitor in
neuromyelitis optica evaluated in vitro and in an experimental rat model. PloS one, 2014.
9(9): p. €106824-e106824.

Davis, A.E., 3rd, S. Cai, and D. Liu, C1 inhibitor: biologic activities that are independent of
protease inhibition. Immunobiology, 2007. 212(4-5): p. 313-323.

Bettacchioli, E., et al., An elevated polyclonal free light chain level reflects a strong
interferon signature in patients with systemic autoimmune diseases. Journal of
Translational Autoimmunity, 2021. 4: p. 100090.

Decker, T., M. Miller, and S. Stockinger, The Yin and Yang of type | interferon activity in
bacterial infection. Nature Reviews Immunology, 2005. 5(9): p. 675-687.

Decker, T., M. Miiller, and S. Stockinger, The yin and yang of type | interferon activity in
bacterial infection. Nat Rev Immunol, 2005. 5(9): p. 675-87.

Liu, S.-Y., et al., Systematic identification of type | and type Il interferon-induced antiviral
factors. Proceedings of the National Academy of Sciences, 2012. 109(11): p. 4239.
Bekisz, J., et al., Antiproliferative Properties of Type | and Type Il Interferon.
Pharmaceuticals, 2010. 3(4).

Kole, A., et al., Type | IFNs Regulate Effector and Regulatory T Cell Accumulation and
Anti-Inflammatory Cytokine Production during T Cell-Mediated Colitis. The Journal of
Immunology, 2013. 191(5): p. 2771.

Schneider, W.M., M.D. Chevillotte, and C.M. Rice, Interferon-Stimulated Genes: A
Complex Web of Host Defenses. Annual Review of Immunology, 2014. 32(1): p. 513-545.

282



573.

574.

575.

576.

577.

578.

579.

580.

581.

582.

583.

584.

585.

586.

587.

588.

589.

590.

591.

592.

593.

594.

595.

Owhashi, M., et al., Identification of a ubiquitin family protein as a novel neutrophil
chemotactic factor. Biochemical and Biophysical Research Communications, 2003.
309(3): p. 533-539.

Napolitano, A., et al., Cysteine-Reactive Free ISG15 Generates IL-18-Producing CD8a(+)
Dendritic Cells at the Site of Infection. Journal of immunology (Baltimore, Md. : 1950),
2018. 201(2): p. 604-614.

Fan, J.-B. and D.-E. Zhang, ISG15 regulates IFN-y immunity in human mycobacterial
disease. Cell Research, 2013. 23(2): p. 173-175.

Swaim, C.D., et al., Modulation of Extracellular ISG15 Signaling by Pathogens and Viral
Effector Proteins. Cell Rep, 2020. 31(11): p. 107772.

@stvik, A.E., et al., Intestinal Epithelial Cells Express Immunomodulatory ISG15 During
Active Ulcerative Colitis and Crohn's Disease. ) Crohns Colitis, 2020. 14(7): p. 920-934.
Guclt, M. and A.F. Agan, Relationship of peripheral blood neutrophil to lymphocyte ratio
and irritable bowel syndrome. Turk J Med Sci, 2017. 47(4): p. 1067-1071.

Bassotti, G., et al., Colonic mast cells in controls and slow transit constipation patients.
Aliment Pharmacol Ther, 2011. 34(1): p. 92-9.

Muller, P.A., et al., Crosstalk between muscularis macrophages and enteric neurons
regulates gastrointestinal motility. Cell, 2014. 158(2): p. 300-313.

Rodriguez-Fandifio, O.A., et al., Maturation Phenotype of Peripheral Blood
Monocyte/Macrophage After Stimulation with Lipopolysaccharides in Irritable Bowel
Syndrome. Journal of neurogastroenterology and motility, 2017. 23(2): p. 281-288.
Kirgizov, L.V., et al., Hemostasis in children with dysbacteriosis in chronic constipation.
Clin Appl Thromb Hemost, 2001. 7(4): p. 335-8.

Luo, G.P., et al., von Willebrand Factor: More Than a Regulator of Hemostasis and
Thrombosis. Acta Haematologica, 2012. 128(3): p. 158-169.

Rossaint, J., A. Margraf, and A. Zarbock, Role of Platelets in Leukocyte Recruitment and
Resolution of Inflammation. Frontiers in immunology, 2018. 9: p. 2712-2712.
Kappelmayer, J., et al., The emerging value of P-selectin as a disease marker. Clin Chem
Lab Med, 2004. 42(5): p. 475-86.

Qasim, A, et al., Platelet activation in patients with irritable bowel syndrome may reflect
a subclinical inflammatory response. Gut, 2003. 52(12): p. 1799-1800.

Campbell, R.A., et al.,, Human megakaryocytes possess intrinsic antiviral immunity
through regulated induction of IFITM3. Blood, 2019. 133(19): p. 2013-2026.

Portier, I. and R.A. Campbell, Role of Platelets in Detection and Regulation of Infection.
Arteriosclerosis, Thrombosis, and Vascular Biology, 2021. 41(1): p. 70-78.

Collins, C.E. and D.S. Rampton, Review article: platelets in inflammatory bowel disease-
-pathogenetic role and therapeutic implications. Aliment Pharmacol Ther, 1997. 11(2):
p. 237-47.

Evans, T.G., Considerations for the use of transcriptomics in identifying the 'genes that
matter' for environmental adaptation. ) Exp Biol, 2015. 218(Pt 12): p. 1925-35.

Vogel, C. and E.M. Marcotte, Insights into the regulation of protein abundance from
proteomic and transcriptomic analyses. Nature Reviews Genetics, 2012. 13(4): p. 227-
232.

Schwanhausser, B., et al., Global quantification of mammalian gene expression control.
Nature, 2011. 473(7347): p. 337-342.

Gry, M., et al., Correlations between RNA and protein expression profiles in 23 human
cell lines. BMC Genomics, 2009. 10(1): p. 365.

Zhang, X., et al., Mechanisms and Functions of Long Non-Coding RNAs at Multiple
Regulatory Levels. International journal of molecular sciences, 2019. 20(22): p. 5573.
Wong, L., et al., Limits of Peripheral Blood Mononuclear Cells for Gene Expression-Based
Biomarkers in Juvenile Idiopathic Arthritis. Scientific Reports, 2016. 6(1): p. 29477.

283



596.

597.

598.

599.

600.

601.

602.

603.

604.

605.

606.

607.

608.

609.

610.

611.

612.

613.

614.

615.

Ringel, Y. and N. Maharshak, Intestinal microbiota and immune function in the
pathogenesis of irritable bowel syndrome. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 2013. 305(8): p. G529-G541.

Holtmann, G.J., A.C. Ford, and N.J. Talley, Pathophysiology of irritable bowel syndrome.
The Lancet Gastroenterology & Hepatology, 2016. 1(2): p. 133-146.

Simrén, M., et al.,, Food-Related Gastrointestinal Symptoms in the Irritable Bowel
Syndrome. Digestion, 2001. 63(2): p. 108-115.

Monsbakken, K.W., P.O. Vandvik, and P.G. Farup, Perceived food intolerance in subjects
with irritable bowel syndrome — etiology, prevalence and consequences. European
Journal of Clinical Nutrition, 2006. 60(5): p. 667-672.

Camilleri, M., Editorial: fecal granins in IBS: cause or indicator of intestinal or colonic
irritation? The American journal of gastroenterology, 2012. 107(3): p. 448-450.

Costa, F., et al., Calprotectin is a stronger predictive marker of relapse in ulcerative colitis
than in Crohn’s disease. Gut, 2005. 54(3): p. 364.

Videlock, E.J., et al., The effect of sex and irritable bowel syndrome on HPA axis response
and peripheral glucocorticoid receptor expression. Psychoneuroendocrinology, 2016.
69: p. 67-76.

Munoz, J.E. and D.K. Brubaker, Latent Interacting Variable-Effects Modeling of Gut
Microbiome Multi-Omics in Inflammatory Bowel Disease. bioRxiv, 2022: p.
2022.07.08.499280.

Clos-Garcia, M., et al., Gut microbiome and serum metabolome analyses identify
molecular biomarkers and altered glutamate metabolism in fibromyalgia. EBioMedicine,
2019. 46: p. 499-511.

Kong, G., et al., An integrated metagenomics and metabolomics approach implicates the
microbiota-gut-brain axis in the pathogenesis of Huntington's disease. Neurobiology of
Disease, 2021. 148: p. 105199.

Bhatt, R.R., et al., A neuropsychosocial signature predicts longitudinal symptom changes
in women with jrritable bowel syndrome. Molecular Psychiatry, 2022. 27(3): p. 1774-
1791.

Palsson, 0O.S., et al., Development and Validation of the Rome IV Diagnostic
Questionnaire for Adults. Gastroenterology, 2016. 150(6): p. 1481-1491.

Snaith, R.P. and A.S. Zigmond, The hospital anxiety and depression scale. Br Med J (Clin
Res Ed), 1986. 292(6516): p. 344.

Koloski, N.A., et al., The Validity of a New Structured Assessment of Gastrointestinal
Symptoms Scale (SAGIS) for Evaluating Symptoms in the Clinical Setting. Digestive
Diseases and Sciences, 2017. 62(8): p. 1913-1922.

Spiegel, B.M., et al., Development of the NIH Patient-Reported Outcomes Measurement
Information System (PROMIS) gastrointestinal symptom scales. Am ) Gastroenterol,
2014.109(11): p. 1804-14.

Singh, A,, et al., DIABLO: from multi-omics assays to biomarker discovery, an integrative
approach. bioRxiv, 2018: p. 067611.

Hadizadeh, F., et al., Stool frequency is associated with gut microbiota composition. Gut,
2017. 66(3): p. 559.

Chen, Y.-R,, et al., High Oscillospira abundance indicates constipation and low BMI in the
Guangdong Gut Microbiome Project. Scientific reports, 2020. 10(1): p. 9364-9364.
Tigchelaar, E.F., et al., Gut microbiota composition associated with stool consistency.
Gut, 2016. 65(3): p. 540.

Lurie-Weinberger, M.N. and U. Gophna, Archaea in and on the Human Body: Health
Implications and Future Directions. PLoS pathogens, 2015. 11(6): p. e1004833-
€1004833.

284



616.

617.

618.

619.

620.

621.

622.

623.

624.

625.

626.

627.

628.

629.

630.

631.

632.

633.

634.

635.

636.

Konikoff, T. and U. Gophna, <em>Oscillospira</em>: a Central, Enigmatic Component of
the Human Gut Microbiota. Trends in Microbiology, 2016. 24(7): p. 523-524.

Squires, P.E., et al., Effect of short-chain fatty acids on contractile activity and fluid flow
in rat colon in vitro. American Journal of Physiology-Gastrointestinal and Liver
Physiology, 1992. 262(5): p. G813-G817.

Binder, H.J. and P. Mehta, Short-chain fatty acids stimulate active sodium and chloride
absorption in vitro in the rat distal colon. Gastroenterology, 1989. 96(4): p. 989-96.
Joehanes, R., et al., Gene expression analysis of whole blood, peripheral blood
mononuclear cells, and lymphoblastoid cell lines from the Framingham Heart Study.
Physiological genomics, 2012. 44(1): p. 59-75.

Rosinski, K.V., et al., DDX3Y encodes a class | MHC—-restricted H-Y antigen that is
expressed in leukemic stem cells. Blood, 2008. 111(9): p. 4817-4826.

Gardet, A., et al., LRRK2 is involved in the IFN-gamma response and host response to
pathogens. Journal of immunology (Baltimore, Md. : 1950), 2010. 185(9): p. 5577-5585.
Sangster, W., et al., Bacterial and Fungal Microbiota Changes Distinguish C. difficile
Infection from Other Forms of Diarrhea: Results of a Prospective Inpatient Study.
Frontiers in Microbiology, 2016. 7.

Rousseau, C., et al., Clostridium difficile colonization in early infancy is accompanied by
changes in intestinal microbiota composition. J Clin Microbiol, 2011. 49(3): p. 858-65.
Fox, S., et al., Neutrophil Apoptosis: Relevance to the Innate Immune Response and
Inflammatory Disease. Journal of Innate Immunity, 2010. 2(3): p. 216-227.

Pépin, J., et al., Outcomes of Clostridium difficile-associated disease treated with
metronidazole or vancomycin before and after the emergence of NAP1/027. Am |
Gastroenterol, 2007. 102(12): p. 2781-8.

Kelly, C.P., et al., Neutrophil recruitment in Clostridium difficile toxin A enteritis in the
rabbit. J Clin Invest, 1994. 93(3): p. 1257-65.

Pimentel, M. and A. Lembo, Microbiome and Its Role in Irritable Bowel Syndrome. Dig
Dis Sci, 2020. 65(3): p. 829-839.

Lé Cao, K.-A., |. Gonzdlez, and S. Déjean, integrOmics: an R package to unravel
relationships between two omics datasets. Bioinformatics, 2009. 25(21): p. 2855-2856.
Ranganathan, P., C.S. Pramesh, and R. Aggarwal, Common pitfalls in statistical analysis:
Intention-to-treat versus per-protocol analysis. Perspectives in clinical research, 2016.
7(3): p. 144-146.

Vetova, S., Big heterogeneous data integration and analysis. AIP Conference
Proceedings, 2021. 2333(1): p. 030007.

Picard, M., et al., Integration strategies of multi-omics data for machine learning
analysis. Computational and Structural Biotechnology Journal, 2021. 19: p. 3735-3746.
Longstreth, G.F., et al., Functional bowel disorders. Gastroenterology, 2006. 130(5): p.
1480-91.

Suares, N.C. and A.C. Ford, Prevalence of, and risk factors for, chronic idiopathic
constipation in the community: systematic review and meta-analysis. Am )
Gastroenterol, 2011. 106(9): p. 1582-91; quiz 1581, 1592.

Enck, P., et al., Functional Constipation and Constipation-Predominant Irritable Bowel
Syndrome in the General Population: Data from the GECCO Study. Gastroenterology
Research and Practice, 2016. 2016: p. 3186016.

Mugie, S.M., M.A. Benninga, and C. Di Lorenzo, Epidemiology of constipation in children
and adults: a systematic review. Best Pract Res Clin Gastroenterol, 2011. 25(1): p. 3-18.
Andrews, C.N. and M. Storr, The pathophysiology of chronic constipation. Canadian
journal of gastroenterology = Journal canadien de gastroenterologie, 2011. 25 Suppl
B(Suppl B): p. 16B-21B.

285



637.

638.

639.

640.

641.

642.

643.

644.
645.

646.

647.

648.

649.

650.

651.

652.

653.

654.

655.

656.

Ohkusa, T., et al., Gut Microbiota and Chronic Constipation: A Review and Update.
Frontiers in Medicine, 2019. 6.

Walker, A.W., et al., Dominant and diet-responsive groups of bacteria within the human
colonic microbiota. The ISME journal, 2011. 5(2): p. 220-230.

Ashraf, W., et al., Effects of psyllium therapy on stool characteristics, colon transit and
anorectal function in chronic idiopathic constipation. Alimentary Pharmacology &
Therapeutics, 1995. 9(6): p. 639-647.

Chey, S.\W., et al.,, Exploratory Comparative Effectiveness Trial of Green Kiwifruit,
Psyllium, or Prunes in US Patients With Chronic Constipation. Official journal of the
American College of Gastroenterology | ACG, 2021. 116(6).

Ramkumar, D. and S.S.C. Rao, Efficacy and Safety of Traditional Medical Therapies for
Chronic Constipation: Systematic Review. Official journal of the American College of
Gastroenterology | ACG, 2005. 100(4).

Schiller, L.R., The therapy of constipation. Alimentary Pharmacology & Therapeutics,
2001. 15(6): p. 749-763.

WorldMeds, U.S., "FDA approves the reintroduction of Zelnorm™ (tegaserod) for
Irritable Bowel Syndrome with Constipation (IBS-C) in women under 65". 2019.

Zespri, Zespri Varieties. 2016.

Bayer, S.B., et al. Two Gold Kiwifruit Daily for Effective Treatment of Constipation in
Adults—A Randomized Clinical Trial. Nutrients, 2022. 14, DOI: 10.3390/nu14194146.
Mallick, H., et al., Multivariable association discovery in population-scale meta-omics
studies. PLOS Computational Biology, 2021. 17(11): p. e1009442.

Eisen, M.B., et al., Cluster analysis and display of genome-wide expression patterns.
Proceedings of the National Academy of Sciences of the United States of America, 1998.
95(25): p. 14863-14868.

Shannon, P., et al.,, Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res, 2003. 13(11): p. 2498-504.

Tomova, A., et al., The Effects of Vegetarian and Vegan Diets on Gut Microbiota.
Frontiers in Nutrition, 2019. 6(47).

Chen, T., et al., Fiber-utilizing capacity varies in Prevotella- versus Bacteroides-
dominated gut microbiota. Scientific Reports, 2017. 7(1): p. 2594.

De Filippo, C., et al., Impact of diet in shaping gut microbiota revealed by a comparative
study in children from Europe and rural Africa. Proceedings of the National Academy of
Sciences, 2010. 107(33): p. 14691.

Salonen, A., et al.,, Impact of diet and individual variation on intestinal microbiota
composition and fermentation products in obese men. The ISME Journal, 2014. 8(11): p.
2218-2230.

Queipo-Ortuiio, M.I., et al., Influence of red wine polyphenols and ethanol on the gut
microbiota ecology and biochemical biomarkers. The American Journal of Clinical
Nutrition, 2012. 95(6): p. 1323-1334.

Graf, D., et al., Contribution of diet to the composition of the human gut microbiota.
Microbial ecology in health and disease, 2015. 26: p. 26164-26164.

Gupta, R.S., et al., Molecular signatures for the class Coriobacteriia and its different
clades; proposal for division of the class Coriobacteriia into the emended order
Coriobacteriales, containing the emended family Coriobacteriaceae and Atopobiaceae
fam. nov., and Eggerthellales ord. nov., containing the family Eggerthellaceae fam. nov.
Int J Syst Evol Microbiol, 2013. 63(Pt 9): p. 3379-3397.

Alim, A., et al.,, Antioxidant, antimicrobial, and antiproliferative activity-based
comparative study of peel and flesh polyphenols from Actinidia chinensis. Food Nutr Res,
2019. 63.

286



657.

658.

659.

660.

661.

662.

663.

664.

665.

666.

667.

668.

669.

670.

671.

672.

673.

674.

675.

676.

677.

678.

Roudsari, N.M., et al., Natural polyphenols for the prevention of irritable bowel
syndrome: molecular mechanisms and targets; a comprehensive review. DARU Journal
of Pharmaceutical Sciences, 2019. 27(2): p. 755-780.

Wang, L., et al., Human Symbiont Bacteroides thetaiotaomicron Synthesizes 2-Keto-3-
Deoxy-D-Glycero-D- Galacto-Nononic Acid (KDN). Chemistry & Biology, 2008. 15(9): p.
893-897.

Ndeh, D., et al.,, Metabolism of multiple glycosaminoglycans by Bacteroides
thetaiotaomicron is orchestrated by a versatile core genetic locus. Nature
Communications, 2020. 11(1): p. 646.

Salyers, A.A., et al., Fermentation of mucins and plant polysaccharides by anaerobic
bacteria from the human colon. Appl Environ Microbiol, 1977. 34(5): p. 529-33.
Cartmell, A,, et al., How members of the human gut microbiota overcome the sulfation
problem posed by glycosaminoglycans. Proceedings of the National Academy of
Sciences, 2017. 114(27): p. 7037.

Meadows, J.A. and M.J. Wargo, Carnitine in bacterial physiology and metabolism.
Microbiology, 2015. 161(6): p. 1161-1174.

Ghonimy, A., et al., The Impact of Carnitine on Dietary Fiber and Gut Bacteria
Metabolism and Their Mutual Interaction in Monogastrics. Int J Mol Sci, 2018. 19(4).
Verheul, A., et al., A possible role of ProP, ProU and CaiT in osmoprotection of Escherichia
coli by carnitine. J Appl Microbiol, 1998. 85(6): p. 1036-46.

Kleber, H.-P., Bacterial carnitine metabolism. FEMS Microbiology Letters, 1997. 147(1):
p. 1-9.

Rebouche, C.J., Ascorbic acid and carnitine biosynthesis. The American Journal of Clinical
Nutrition, 1991. 54(6): p. 1147S-1152S.

Zhang, Z., et al., New aspects of microbial vitamin K2 production by expanding the
product spectrum. Microbial Cell Factories, 2021. 20(1): p. 84.

Farrand, S.K. and H.W. Taber, Changes in menaquinone concentration during growth
and early sporulation in Bacillus subtilis. ) Bacteriol, 1974. 117(1): p. 324-6.

Bentley, R. and R. Meganathan, Biosynthesis of vitamin K (menaquinone) in bacteria.
Microbiol Rev, 1982. 46(3): p. 241-80.

Zhang, X., et al., Dysbiosis of gut microbiota and its correlation with dysregulation of
cytokines in psoriasis patients. BMC Microbiol, 2021. 21(1): p. 78.

Cheung, S.G., et al., Systematic Review of Gut Microbiota and Major Depression. Front
Psychiatry, 2019. 10: p. 34.

Hadizadeh, F., et al., Stool frequency is associated with gut microbiota composition. Gut,
2017. 66(3): p. 559-560.

Gophna, U., T. Konikoff, and H.B. Nielsen, Oscillospira and related bacteria — From
metagenomic species to metabolic features. Environmental Microbiology, 2017. 19(3):
p. 835-841.

Chen, Y.-r.,, et al., High Oscillospira abundance indicates constipation and low BMI in the
Guangdong Gut Microbiome Project. Scientific Reports, 2020. 10(1): p. 9364.
Tigchelaar, E.F., et al., Gut microbiota composition associated with stool consistency.
Gut, 2016. 65(3): p. 540-2.

Naseribafrouei, A., et al., Correlation between the human fecal microbiota and
depression. Neurogastroenterology & Motility, 2014. 26(8): p. 1155-1162.

Harker, F.R., et al. CONSUMER PERCEPTIONS AND PREFERENCES FOR KIWIFRUIT: A
REVIEW. 2007. International Society for Horticultural Science (ISHS), Leuven, Belgium.
S., S., Confidential Report for Zespri International Ltd. Palmerston North: Plant and Food
Research. Partial nutritional analysis of Zespri® SunGold kiwifruit skin (HN1745), 2017.

287



679.

680.

681.

682.

683.

684.

685.

686.

687.

688.

689.

690.

691.

692.

693.

694.

695.

696.

697.

Camilleri, M., Review article: biomarkers and personalised therapy in functional lower
gastrointestinal disorders. Alimentary Pharmacology & Therapeutics, 2015. 42(7): p.
818-828.

Ke, S., et al., Integrating gut microbiome and host immune markers to understand the
pathogenesis of Clostridioides difficile infection. Gut Microbes, 2021. 13(1): p. 1935186.
McDermott, A.J., et al., Interleukin-23 (IL-23), independent of IL-17 and IL-22, drives
neutrophil recruitment and innate inflammation during Clostridium difficile colitis in
mice. Immunology, 2016. 147(1): p. 114-24.

El Feghaly, R.E., et al., Markers of intestinal inflammation, not bacterial burden, correlate
with clinical outcomes in Clostridium difficile infection. Clin Infect Dis, 2013. 56(12): p.
1713-21.

Rao, K., et al., The systemic inflammatory response to Clostridium difficile infection. PLoS
One, 2014. 9(3): p. €92578.

Zhao, Y. and Y.-B. Yu, Intestinal microbiota and chronic constipation. SpringerPlus, 2016.
5(1): p. 1130.

Rooks, M.G. and W.S. Garrett, Gut microbiota, metabolites and host immunity. Nature
reviews. Immunology, 2016. 16(6): p. 341-352.

Tailford, L.E., et al., Mucin glycan foraging in the human gut microbiome. Front Genet,
2015. 6: p. 81.

Freedman, J.E. and J. Loscalzo, Platelet—Monocyte Aggregates. Circulation, 2002.
105(18): p. 2130-2132.

Arber, N., et al., Heterotypic leukocyte aggregation in the peripheral blood of patients
with leukemia, inflammation and stress. Nouv Rev Fr Hematol (1978), 1991. 33(3): p.
251-5.

Bray, P.F., et al., The complex transcriptional landscape of the anucleate human platelet.
BMC Genomics, 2013. 14(1): p. 1.

Zhao, Y.F., et al., Epidemiology of functional constipation and comparison with
constipation-predominant irritable bowel syndrome: the Systematic Investigation of
Gastrointestinal Diseases in China (SILC). Aliment Pharmacol Ther, 2011. 34(8): p. 1020-
9.

Wong, R.K., et al., Inability of the Rome Il criteria to distinguish functional constipation
from constipation-subtype irritable bowel syndrome. Am J Gastroenterol, 2010. 105(10):
p. 2228-34.

Shekhar, C., et al., Rome Ill functional constipation and irritable bowel syndrome with
constipation are similar disorders within a spectrum of sensitization, regulated by
serotonin. Gastroenterology, 2013. 145(4): p. 749-57; quiz e13-4.

Rey, E., A. Balboa, and F. Mearin, Chronic constipation, irritable bowel syndrome with
constipation and constipation with pain/discomfort: similarities and differences. Am |
Gastroenterol, 2014. 109(6): p. 876-84.

Heidelbaugh, J.J., et al., The spectrum of constipation-predominant irritable bowel
syndrome and chronic idiopathic constipation: US survey assessing symptoms, care
seeking, and disease burden. Am J Gastroenterol, 2015. 110(4): p. 580-7.

Siah, K.T., R.K. Wong, and W.E. Whitehead, Chronic Constipation and Constipation-
Predominant IBS: Separate and Distinct Disorders or a Spectrum of Disease?
Gastroenterol Hepatol (N Y), 2016. 12(3): p. 171-8.

Chen, H.-D., et al., Similarities and differences between IBS-C and FC with regards to
symptomatology, sleep quality and psychological attributes. Journal of the Formosan
Medical Association, 2020. 119(1, Part 1): p. 75-80.

Drossman, D.A., et al., Further characterization of painful constipation (PC): clinical
features over one year and comparison with IBS. J Clin Gastroenterol, 2008. 42(10): p.
1080-8.

288



698.

699.

700.

701.

702.

703.

704.

705.

706.

707.
708.

709.

710.

711.

712.

713.

714.

715.

716.

717.

Bharucha, A.E., et al., Differences between painless and painful constipation among
community women. Am J Gastroenterol, 2006. 101(3): p. 604-12.

Black, C.J., et al.,, Epidemiological, Clinical, and Psychological Characteristics of
Individuals with Self-reported Irritable Bowel Syndrome Based on the Rome IV vs Rome
Il Criteria. Clin Gastroenterol Hepatol, 2020. 18(2): p. 392-398 e2.

Talley, N.J., et al., Overlapping upper and lower gastrointestinal symptoms in irritable
bowel syndrome patients with constipation or diarrhea. The American Journal of
Gastroenterology, 2003. 98(11): p. 2454-2459.

Lee, C., et al., The Increased Level of Depression and Anxiety in Irritable Bowel Syndrome
Patients Compared with Healthy Controls: Systematic Review and Meta-analysis. )
Neurogastroenterol Motil, 2017. 23(3): p. 349-362.

Harris, H.C., et al., The impact of psyllium gelation behaviour on in vitro colonic
fermentation properties. Food Hydrocolloids, 2023. 139: p. 108543.

Guan, Z.W., E.Z. Yu, and Q. Feng, Soluble Dietary Fiber, One of the Most Important
Nutrients for the Gut Microbiota. Molecules, 2021. 26(22).

Iwasawa, H., et al., Anti-oxidant effects of kiwi fruit in vitro and in vivo. Biol Pharm Bull,
2011. 34(1): p. 128-34.

Alim, A,, et al., Consumption of two whole kiwifruit (Actinide chinensis) per day improves
lipid homeostasis, fatty acid metabolism and gut microbiota in healthy rats.
International Journal of Biological Macromolecules, 2020. 156: p. 186-195.

Sczyrba, A., et al., Critical Assessment of Metagenome Interpretation—a benchmark of
metagenomics software. Nature Methods, 2017. 14(11): p. 1063-1071.

Waters, L.S. and G. Storz, Regulatory RNAs in Bacteria. Cell, 2009. 136(4): p. 615-628.
Stokes, T., Post-transcriptional gene silencing: conservation and sequences. Trends in
Plant Science, 2000. 5(12): p. 514.

Ayling, M., M.D. Clark, and R.M. Leggett, New approaches for metagenome assembly
with short reads. Briefings in Bioinformatics, 2020. 21(2): p. 584-594.

Lapidus, A.L. and A.l. Korobeynikov, Metagenomic Data Assembly - The Way of Decoding
Unknown Microorganisms. Front Microbiol, 2021. 12: p. 613791.

Prjibelski, A., et al.,, Using SPAdes De Novo Assembler. Current Protocols in
Bioinformatics, 2020. 70(1): p. e102.

Boisvert, S., et al., Ray Meta: scalable de novo metagenome assembly and profiling.
Genome Biology, 2012. 13(12): p. R122.

Li, D., et al.,, MEGAHIT: an ultra-fast single-node solution for large and complex
metagenomics assembly via succinct de Bruijn graph. Bioinformatics, 2015. 31(10): p.
1674-1676.

Kim, C.Y., et al., Human reference gut microbiome catalog including newly assembled
genomes from under-represented Asian metagenomes. Genome Med, 2021. 13(1): p.
134,

Liu, P., et al.,, Towards Strain-Level Complexity: Sequencing Depth Required for
Comprehensive Single-Nucleotide Polymorphism Analysis of the Human Gut
Microbiome. Front Microbiol, 2022. 13: p. 828254.

Ansari, M.H., et al., Viral metagenomic analysis of fecal samples reveals an enteric
virome signature in irritable bowel syndrome. BMC Microbiology, 2020. 20(1): p. 123.
Coughlan, S., et al., The gut virome in Irritable Bowel Syndrome differs from that of
controls. Gut microbes, 2021. 13(1): p. 1-15.

289



Appendix

Data Tables are provided electronically.

Table A. Chapter 2, paragraph 2.5.2.1. Differentially abundant taxa at the phylum, class, order, family,
genus, and species level in subjects with diarrhoea predominant FGIDs (IBS-D+FD) compared to controls.
Odd ratios were used to rank the relative enrichment or underrepresentation of microbial taxa. OR
greater than one indicated enrichment in the control group, OR less than one indicated underrepresentation

in the control group. Significance was set at FDR< 0.05.

Table B. Chapter 2, paragraph 2.5.2.1.5. Differentially abundant taxa at the phylum, class, order, family,
genus, and species level in subjects with IBS-D compared to controls. Odd ratios were used to rank the
relative enrichment or underrepresentation of microbial taxa. OR greater than one indicated enrichment
in the control group, OR less than one indicated underrepresentation in the control group. Significance was

set at FDR< 0.05.

Table C. Chapter 2, paragraph 2.5.2.1.5. Differentially abundant taxa at the phylum, class, order, family,
genus, and species level in subjects with FD compared to controls. Odd ratios were used to rank the
relative enrichment or underrepresentation of microbial taxa. OR greater than one indicated enrichment
in the control group, OR less than one indicated underrepresentation in the control group. Significance was

set at FDR< 0.05.

Table D. Chapter 2, paragraph 2.5.2.2. Differentially abundant taxa at the phylum, class, order, family,
genus, and species level in subjects with constipation predominant FGIDs (IBS-C+FC) compared to
controls. Odd ratios were used to rank the relative enrichment or underrepresentation of microbial taxa.
OR greater than one indicated enrichment in the control group, OR less than one indicated

underrepresentation in the control group. Significance was set at FDR< 0.05.

Table E. Chapter 2, paragraph 2.5.2.2.5. Differentially abundant taxa at the phylum, class, order, family,
genus, and species level in subjects with IBS-C compared to controls. Odd ratios were used to rank the
relative enrichment or underrepresentation of microbial taxa. OR greater than one indicated enrichment
in the control group, OR less than one indicated underrepresentation in the control group. Significance was

set at FDR< 0.05.
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Table F. Chapter 2, paragraph 2.5.2.2.5. Differentially abundant taxa at the phylum, class, order, family,
genus, and species level in subjects with FC compared to controls. Odd ratios were used to rank the relative
enrichment or underrepresentation of microbial taxa. OR greater than one indicated enrichment in the
control group, OR less than one indicated underrepresentation in the control group. Significance was set at

FDR< 0.05.

Table G. Chapter 2, paragraph 2.5.3.1. Relative abundances of genes annotated using SEED and KEGG
functional categories that differed between subjects with diarrhoea predominant FGIDs (IBS-D+FD)
compared to controls. Differentially abundant functional categories between groups were identified by
performing a pairwise statistical analysis with a quasi-likelihood test. Positive logFC indicates higher
abundance in the FGIDs (IBS-D+FD) group and negative logFC indicates higher abundance in the control
group. Significance was set at FDR< 0.05.

Table H. Chapter 2, paragraph 2.5.3.1. Relative abundances of genes annotated using SEED and KEGG
functional categories that differed between subjects with IBS-D compared to controls. Differentially
abundant functional categories between groups were identified by performing a pairwise statistical analysis
with a quasi-likelihood test. Positive logFC indicates higher abundance in the IBS-D group and negative

logFC indicates higher abundance in the control group. Significance was set at FDR< 0.05.

Table I. Chapter 2, paragraph 2.5.3.1. Relative abundances of genes annotated using SEED and KEGG
functional categories that differed between subjects with FD compared to controls. Differentially abundant
functional categories between groups were identified by performing a pairwise statistical analysis with a
quasi-likelihood test. Positive logFC indicates higher abundance in the FD group and negative logFC

indicates higher abundance in the control group. Significance was set at FDR< 0.05.

Table L. Chapter 2, paragraph 2.5.3.2. Relative abundances of genes annotated using SEED and KEGG
functional categories that differed between subjects with constipation predominant FGIDs (IBS-C+FC)
compared to controls. Differentially abundant functional categories between groups were identified by
performing a pairwise statistical analysis with a quasi-likelihood test. Positive logFC indicates higher
abundance in the FGIDs (IBS-C+FC) group and negative logFC indicates higher abundance in the control
group. Significance was set at FDR< 0.05.

Table M. Chapter 2, paragraph 2.5.3.2. Relative abundances of genes annotated using SEED and KEGG
functional categories that differed between subjects with IBS-C compared to controls. Differentially

abundant functional categories between groups were identified by performing a pairwise statistical analysis
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with a quasi-likelihood test. Positive logFC indicates higher abundance in the IBS-C group and negative

logFC indicates higher abundance in the control group. Significance was set at FDR< 0.05.

Table N. Chapter 2, paragraph 2.5.3.2. Relative abundances of genes annotated using SEED and KEGG
functional categories that differed between subjects with FC compared to controls. Differentially abundant
functional categories between groups were identified by performing a pairwise statistical analysis with a
quasi-likelihood test. Positive logFC indicates higher abundance in the FC group and negative logFC

indicates higher abundance in the control group. Significance was set at FDR< 0.05.

Table O. Chapter 3, paragraph 3.5.4. List of the DEGs sorted by logFC in subjects with FC compared to
controls. Differentially expressed genes between controls and subjects with FC were identified using a two-
group comparison with a quasi-likelihood F-test. Transcripts with an FDR<0.05 were considered
significantly differentially expressed. LogFC: log fold change. A positive logFC indicates higher
expression/abundance in the FC group and negative logFC means higher expression/abundance in the

control group. logCPM: log counts per million, indicating the expression level.

Table P. Chapter 3, paragraph 3.5.5. List of the DEGs sorted by logFC in subjects with constipation
predominant FGIDs (IBS-C+ FC) compared to controls. Differentially expressed genes between controls
and subjects with constipation predominant FGIDs were identified using a two-group comparison with a
quasi-likelihood F-test. Transcripts with an FDR<0.05 were considered significantly differentially
expressed. LogFC: log fold change. A positive logFC indicates higher expression/abundance in the
constipation predominant FGID group and negative logFC means higher expression/abundance in the

control group. logCPM: log counts per million, indicating the expression level.

Table Q. Chapter 3, paragraph 3.5.5. List of the DEGs sorted by logFC in subjects with diarrhoea
predominant FGIDs (IBS-D+ FD) compared to controls. Differentially expressed genes between controls
and subjects with diarrhoea predominant FGIDs were identified using a two-group comparison with a quasi-
likelihood F-test. Transcripts with an FDR<0.05 were considered significantly differentially expressed.
LogFC: log fold change. A positive logFC indicates higher expression/abundance in the constipation
predominant FGID group and negative logFC means higher expression/abundance in the control group.

logCPM: log counts per million, indicating the expression level.

Table R. Chapter 4, paragraph 4.5.1.2. Correlations between variables from the faecal microbiota

composition, PBMC genes and symptom datasets related to Panels 1 and 3 combined (cut-off value for
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positive or negative correlations = 0.6), and Panel 2 (cut-off value for positive or negative correlations =

0.5). r= correlation coefficient.

Table S. Chapter 5, paragraph 5.5.3. Relative abundance of taxa at the family and genus level that had a
differential relative abundance in subjects on the gold kiwifruit intervention compared to those on the

psyllium intervention, or in subjects consuming psyllium compared to those consuming gold kiwifruit.

Table T. Chapter 5, paragraph 5.5.3. Relative abundance of taxa at the family and genus level that had
a differential relative abundance in subjects on the gold kiwifruit or psyllium intervention compared to pre-

intervention levels (baseline/washout combined).

Table U. Chapter 5, paragraph 5.5.4. Relative abundance of microbial gene functions (KEGG levels 2,
3 and 4; SEED levels 1, 2 and 3) that were differentially abundant after the intervention with psyllium

compared to pre-intervention levels (baseline/washout combined).

Table V. Chapter 5, paragraph 5.5.5. Canonical partial least squares correlations between the faecal
microbiome composition and recorded GI symptoms in subjects with constipation predominant FGIDs or

controls consuming two gold kiwifruit or psyllium daily over four weeks.
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