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Mis en page avec la classe thesul.



Acknowledgments

This research project was conducted in the Biomolecule Engineering Laboratory (Labora-
toire d’Ingénierie des Biomolécules, LIBio, France) thanks to the LUE initiative (Lorraine
Université d’Excellence) and in the Applied Math Lab at the University of Wisconsin-
Madison, USA (Jan-Nov 2018) thanks to a Fulbright scholarship.

My first thoughts are for the three people who made this research happen -Claire,
Frédéric, and Saverio. Un grand merci à Claire pour avoir construit ce projet, qui m’a
fait vivre de belles aventures. Fred, je te suis très reconnaissante pour ta patience et
ton écoute qui m’ont accompagnée tout au long de ces trois ans. Merci d’avoir été là
pour moi dans les moments difficiles et d’avoir toujours cru en moi, c’est parfois tout
ce qu’il faut pour continuer d’aller de l’avant. J’ai une pensée pour les petites leçons
de vie et tous les conseils que tu m’as prodigué depuis ce jour où il y a trois ans, tu
m’accompagnais pour mes premiers pas de microbiologiste. Merci pour m’avoir donné le
goût de la recherche à travers ta curiosité scientifique, qui me motive encore aujourd’hui
à approfondir toujours plus d’autres pistes de recherche... Et merci pour tout.

To Saverio, my partner in trouble whenever math or physics get to join the game -it
was a great pleasure to get to know you and work with you. Your passion for research
and unrestricted enthusiasm for physics and math made me discover and enjoy a world
which existence, and labyrinthine paths I would never have imagined, but I now want
to make an essential part of my upcoming research path. It has been a lot of fun. A
huge thanks for boarding with me on this adventure, never giving in to discouragement,
trusting us until the end and bringing our project to a safe harbor. I am also very happy
we got to go to New York together for the last part of my stay; I felt happy as a clam in
our research team and had love at first sight for the city -these are wonderful times I will
always remember with fondness. A special thought for Carina whose presence along the
way lightened up the days, and for Elena -sharing common literature delights. Thank
you for all -I certainly hope to see you again in the future.

Many thanks to all three labs I got to work with -the LIBio, the Applied Math Lab,
and the Biophysical modeling group at the Computational Center for Biology (Flatiron
Institute). Merci Jenni pour ton enthousiasme et ton accompagnement tout au long de
ces trois ans. Merci à mon groupe de copines doctorantes, Aldjia, Aurélie A. et Asmaa,
dont l’enthousiasme (parfois délirant !) et la bonne humeur débordante ont fait vivre
le bureau par leurs fous rires et leur optimisme, et donnaient envie d’aller travailler le
matin, ainsi qu’à Shirin et aux garçons : Mahmoud, Tristan, Kamil, Loïc. Merci à Aya
et Justine pour leurs précieux conseils et leur soutien lors de ma première année. Une
pensée pour Nancy, qui a fait en même temps que moi ses débuts en microbio, et pour
Marie, toujours là pour m’aider, m’écouter et me conseiller. Merci à Sylvie et Myriam,
mes piliers en microbiologie sur lesquelles je pouvais toujours m’appuyer, et à Aurélie C.
pour m’avoir sauvée plus d’une fois de situations critiques. Un grand merci aussi à Denis
Roegel pour m’avoir aidée à mettre en forme cette thèse en LaTeX ! Enfin, merci à Jiaqi,
Lamia et Mina, avec lesquelles discuter était toujours un plaisir.

i



Thanks to Jean-Luc for having me discover what real maths sound like (from a new-
born point of view), to Shingyung for helping me with classes, and to Sara N. and Henry
for being there when the Mac crashed down overseas... Many thanks to Chris for always
being there to help me out with enthusiasm, and to Will M. for making me want to go
work in Madison in the first place, and for his advice and listening in science and on
Ph.D. life. It was fun to be in the Applied Math Lab, whether it came to our weekly
meetings that always brought something up for curiosity, or to barbecuing and root beers
-I am happy I got to know all of you.

I am also really grateful to the Biophysics group for having made me more than
welcome during my short stay at the Flatiron Insitute -Claudia, Danxun, Nicholas, Pat...
I enjoyed working around you so much! Danny, Pretty Woman was a blast -I am very
happy I could share it with you!

Enfin, un grand merci à l’équipe Fulbright, Emily et Madeleine, pour toute leur aide,
et sans qui ce merveilleux séjour aux Etats-Unis n’aurait pas été possible.

An affectionate thought for my dearest friends in France and everywhere in the world:
Aurore, Camille, Mévie, Clémence, Clara H., Thouny, Ida N., Chlo, Michou, Stef, Piffa,
Harshad, Alex & Amanda, Ana, Yue, Yujia, Steve & Joan, Larry & Eileen, Nate & his
family.

A Aurore et Camille, compagnes de thèse et de thé & petits gâteaux, Mévie pour
sa bonne humeur et ses rires, Clara à travers notre correspondance épistolaire aux notes
poétiques, Michou pour nos sorties au musée et anecdotes de cuisine, Chlo pour ses
après-midi thé... To Stef and Piffa, "i miei piccoli raggi di sole", with who I learn to love
italian and Italy -I hope to be soon able to pay you the visit I promised! To Ana & Yue,
wonderful friends and roommates for over a year, I would not have made it in Madison
if it were not for you and Nate. Nate -all this time we spent together, preparing for the
Fulbright scholarship, then on the roads biking, exploring architecture, libraries, parks,
the world... I picture you smiling thinking "where will she end up next?" waiting for the
next postcard; I owe you a lot -thank you for taking care of me. A special thought to
Steve & Joan for being my little family overseas -I send you my love. Warm thoughts
also for Larry & Eileen, who have always helped me when in need, and with who I could
exchange about everything, and to Yuhua, for making me wonderful breakfasts and meals
so I never had to worry about anything!

To my French tutees, Hailey and Emmanuel -it was great to have you as students! I
wish you the best in everything!

A mon groupe de danse à Nancy, Marie-Georges, Muriel, Amandine, Jessy, Aramis,
Noémie, Aurore D., Julie Z., Pierrick, Matthieu, Taha, Pierrot, Samuel, Essivi, Céline,
Sandrine, Luc, Séb, Vincent JG et Vincent L., Célia, Alex, Tabea... Vous avez été comme
une seconde famille, c’était un vrai plaisir de se retrouver, aux cours, sous le ciel étoilé
de la Pép... N’importe où, du moment que la danse était au rendez-vous ! A thought
along to my West Coast partners in Madison, David and Soon-Young.

Un grand merci à toute la classe de CM2 de Thomas F. à l’Ecole primaire La Moisson-

ii



nerie (Pulnoy) pour leur enthousiasme, leur bonne humeur... Et leur affection, qui fait
chaud au coeur !

Merci à mes coachs de Brabois, Claude et Denis, pour les séances d’abdos éner-
gisantes, et Denis pour les échappées bucoliques et poétiques, épistolaires et au grand
air.

Merci à toute l’équipe du lundi des Restos du Coeur, Maud, Léa, Julie, Pascal,
Maxime, Aurélien, Brigitte, Rachel et Laura, Xavier, Dorian, Thomas et Josiane, pour
leur bonne humeur et leur ouverture d’esprit.

Un immense merci à P.N., pour ton indéfectible soutien depuis les huit ans qu’on se
connaît, pour ton affection qui n’a jamais défailli et qui m’accompagne, partout où je
vais. Tu auras toujours une place dans mon coeur.

Une très tendre pensée pour S & S & S, les petites que je vois grandir, et que j’aime
comme des soeurs.

Une tendre pensée aussi bien sûr pour Doudou, qui après deux ans mouvementés
de déplacements multiples, découvertes, rencontres, retrouvailles... a su me charmer, et
(presque !) réussi à m’apprivoiser.

Enfin, mes dernières pensées vont naturellement à ma famille. Mes grand-pères qui,
je le sais, auraient été fiers de moi, et mes mamies, Mamie Odette pour sa curiosité et
son intérêt pour les sciences, qui est la première à m’avoir poussée dans la direction de la
recherche en agroalimentaire. A mon frère Augustin, avec qui j’ai co-construit des cours
de maths, et qui a toujours suivi mes projets, même à l’autre bout du monde, et mes
parents, que j’aime plus que tout -c’est avec un immense plaisir que je vous dédie à tous
les trois ce travail.

iii



iv



"I don’t know anything, but I know

that everything is interesting if you go into it deeply enough."

Richard Feynman, 1965.

v



vi



Contents

Acknowledgments i

List of Figures xix

List of Tables xxxv

Preamble xliii

vii



Contents

Part I Literature review

Chapter I.1

Bacterial adhesion and lactic acid bacteria

I.1.1 Bacterial adhesion: generalities . . . . . . . . . . . . . . . . . . . . . . 3

I.1.2 Lactic acid bacteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

I.1.2.1 Diversity and interest . . . . . . . . . . . . . . . . . . . . . . . 8

I.1.2.2 Description and adhesive role of the bacterial cell wall . . . . . 12

I.1.2.2.1 Proteins . . . . . . . . . . . . . . . . . . . . . . . . . 13

I.1.2.2.2 Cell wall-associated polysaccharides . . . . . . . . . . 18

I.1.2.2.3 Teichoic acids . . . . . . . . . . . . . . . . . . . . . . 20

I.1.3 Adhesive interactions with food components . . . . . . . . . . . . . . 20

I.1.3.1 Generalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

I.1.3.2 Dairy components: structure and properties . . . . . . . . . . 22

I.1.3.2.1 Proteins . . . . . . . . . . . . . . . . . . . . . . . . . 22

I.1.3.2.2 Milk fat globule membrane . . . . . . . . . . . . . . . 25

Chapter I.2

Food matrix impact on bacterial viability and functionality

I.2.1 Context and evaluation methods . . . . . . . . . . . . . . . . . . . . . 27

I.2.1.1 Generalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

I.2.1.2 Methods to evaluate lactic acid bacteria viability . . . . . . . . 28

I.2.1.3 Methods to evaluate lactic acid bacteria functionality . . . . . 29

I.2.2 Impact of food manufacturing processes . . . . . . . . . . . . . . . . . 31

I.2.2.1 Impact of the method used to incorporate probiotics in foods . 32

I.2.2.2 Impact of the bacterial state . . . . . . . . . . . . . . . . . . . 34

I.2.2.3 Impact of food manufacturing steps . . . . . . . . . . . . . . . 34

I.2.2.3.1 Drying . . . . . . . . . . . . . . . . . . . . . . . . . . 34

I.2.2.3.2 Grinding . . . . . . . . . . . . . . . . . . . . . . . . . 35

I.2.2.3.3 Rehydration . . . . . . . . . . . . . . . . . . . . . . . 35

viii



I.2.2.3.4 Heating/freezing . . . . . . . . . . . . . . . . . . . . . 36

I.2.3 Impact of food storage . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

I.2.3.1 Food structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

I.2.3.2 Food composition . . . . . . . . . . . . . . . . . . . . . . . . . 44

I.2.3.2.1 pH . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

I.2.3.2.2 Oxygen content . . . . . . . . . . . . . . . . . . . . . 45

I.2.3.2.3 Water activity . . . . . . . . . . . . . . . . . . . . . . 46

I.2.3.2.4 Nutrient contents and ratios . . . . . . . . . . . . . . 46

I.2.3.2.5 Additives . . . . . . . . . . . . . . . . . . . . . . . . . 47

I.2.3.2.6 Dairy versus nondairy foods . . . . . . . . . . . . . . 47

I.2.4 Impact of food digestion . . . . . . . . . . . . . . . . . . . . . . . . . . 49

I.2.4.1 Food structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

I.2.4.2 Food composition . . . . . . . . . . . . . . . . . . . . . . . . . 53

I.2.4.2.1 pH . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

I.2.4.2.2 Buffering capacity . . . . . . . . . . . . . . . . . . . . 53

I.2.4.2.3 Nutrient contents and ratios . . . . . . . . . . . . . . 54

I.2.4.2.4 Dairy versus nondairy foods . . . . . . . . . . . . . . 55

I.2.5 Food matrix design proposal . . . . . . . . . . . . . . . . . . . . . . . 56

I.2.6 Lactic acid bacteria functionality and perspectives . . . . . . . . . . . 58

Chapter I.3

Modeling shearing impact on bacteria

I.3.1 Modeling shearing impact on bacterial viability, functionality, and shape 61

I.3.1.1 Factors impacting bacterial adhesion . . . . . . . . . . . . . . . 61

I.3.1.2 Shearing impact on bacterial viability and functionality . . . . 63

I.3.1.3 Shearing impact on bacterial shape . . . . . . . . . . . . . . . 64

I.3.1.4 Modeling lactic acid bacteria chains in a shear flow . . . . . . 66

I.3.2 Modeling shearing impact on dairy matrices containing lactic acid

bacteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

I.3.2.1 Importance of lactic acid bacteria and fat on the rheology of

dairy matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

I.3.2.2 Dairy matrices as thixotropic elasto-viscoplastic (TEVP) fluids 68

ix



Contents

I.3.2.3 The ML-IKH model: a comprehensive framework describing

TEVP fluids behavior under shear . . . . . . . . . . . . . . . . 71

I.3.2.3.1 General features of this model . . . . . . . . . . . . . 71

I.3.2.3.2 The multilambda parameter as a thixotropic multi-

modal response to stress . . . . . . . . . . . . . . . . 74

I.3.2.3.3 Incorporation of viscoelastic, viscoplastic, and hard-

ening characteristics . . . . . . . . . . . . . . . . . . . 77

I.3.2.3.4 Application of the ML-IKH model to cheese struc-

turation . . . . . . . . . . . . . . . . . . . . . . . . . 79

I.3.2.4 Experimental modeling of sheared acid milk gel suspensions as

TEVP fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

I.3.2.4.1 Dairy matrix microstructure: characteristic particle

dimensions . . . . . . . . . . . . . . . . . . . . . . . . 83

I.3.2.4.2 Relationship between macro- and micro-structure of

the matrix during shearing . . . . . . . . . . . . . . . 86

Part II Questions & Objectives

x



Part III Material and Methods

Chapter III.1

Material

III.1.1 Preparation of milk components solutions . . . . . . . . . . . . . . . 99

III.1.2 Bacterial strains and cultures . . . . . . . . . . . . . . . . . . . . . . 99

III.1.2.1 Bacterial strains . . . . . . . . . . . . . . . . . . . . . . . . . 99

III.1.2.2 Bacterial cultures in tubes . . . . . . . . . . . . . . . . . . . . 100

III.1.2.2.1 Screening method validation . . . . . . . . . . . . . 100

III.1.2.2.2 Experimental shearing . . . . . . . . . . . . . . . . . 101

III.1.2.3 Bacterial cultures in 96-well microplates . . . . . . . . . . . . 101

III.1.2.3.1 Screening method validation . . . . . . . . . . . . . 101

III.1.2.3.2 Collection of 73 lactic acid bacteria strains . . . . . 102

III.1.2.4 Bacterial cultures for atomic force microscopy . . . . . . . . . 102

Chapter III.2

Identification of adhesive interactions

III.2.1 Microplate coating . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

III.2.2 Strain adhesion and growth monitoring . . . . . . . . . . . . . . . . 104

III.2.3 Correlation between bacterial growth and bacterial adhesion . . . . 104

III.2.4 Strain growth comparison . . . . . . . . . . . . . . . . . . . . . . . . 105

Chapter III.3

Characterisation of adhesive interactions

III.3.1 Adhesive interactions characterised through atomic force microscopy 107

III.3.1.1 Preparation of bacteria-coated mica and protein-coated tips . 108

III.3.1.2 Atomic force microscopy measurements . . . . . . . . . . . . 108

III.3.2 Adhesive interactions imaged by confocal microscopy . . . . . . . . . 111

xi



Contents

Chapter III.4

Shearing experiments

III.4.1 Calculation of spray-drying characteristic shear rates . . . . . . . . . 113

III.4.2 Functionality assessment . . . . . . . . . . . . . . . . . . . . . . . . 117

III.4.3 Bacterial chain distribution assessment . . . . . . . . . . . . . . . . 118

Chapter III.5

Model and numerics

III.5.1 Model presentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

III.5.2 Hydrodynamics with a traction integral equation . . . . . . . . . . . 119

III.5.3 Model parametrization for bacterial chains . . . . . . . . . . . . . . 124

Chapter III.6

Data treatment

III.6.1 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

III.6.1.1 High-throughput screening . . . . . . . . . . . . . . . . . . . 127

III.6.1.2 Atomic force microscopy measurements . . . . . . . . . . . . 127

III.6.1.3 Confocal microscopy measurements . . . . . . . . . . . . . . . 128

III.6.1.4 Shearing experiments . . . . . . . . . . . . . . . . . . . . . . 128

III.6.2 Functional domain prediction for the bacterial surface proteome . . 128

III.6.3 Model and numerics . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

III.6.3.1 Bacterial chains . . . . . . . . . . . . . . . . . . . . . . . . . 129

III.6.3.2 Dumbbells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

xii



Part IV Results and Discussion

Chapter IV.1

Identification and characterisation of adhesive interactions

IV.1.1 Method development to identify adhesive interactions . . . . . . . . 135

IV.1.1.1 Method concept . . . . . . . . . . . . . . . . . . . . . . . . . 135

IV.1.1.2 Correlation between bacterial growth and bacterial adhesion . 137

IV.1.1.3 Affinity results for the model strain LGG WT and three mu-

tant strains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

IV.1.1.3.1 Tube culture assays . . . . . . . . . . . . . . . . . . 138

IV.1.1.3.2 Microplate culture assays . . . . . . . . . . . . . . . 140

IV.1.1.4 Interest of the high-throughput screening approach . . . . . . 141

IV.1.1.5 Choice of blocking reagent . . . . . . . . . . . . . . . . . . . . 143

IV.1.1.6 Comparison with atomic force microscopy results . . . . . . . 144

IV.1.2 Characterisation of the adhesive potential of 73 strains and impact

on bacterial spatial distribution . . . . . . . . . . . . . . . . . . . . . . 145

IV.1.2.1 Identification of strains adhesive to β-lactoglobulin . . . . . . 145

IV.1.2.2 Biophysical deciphering of adhesive interactions . . . . . . . . 146

IV.1.2.3 Impact of adhesive interactions on bacterial location . . . . . 149

IV.1.2.4 Relation between bacterial adhesion and predicted bacterial

characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

IV.1.2.4.1 Presence of pili genes clusters (PGCs) . . . . . . . . 152

IV.1.2.4.2 Predicted protein domains candidates for mediating

bacterial adhesion to β-lactoglobulin . . . . . . . . . 152

IV.1.2.5 Adhesion specificity and common adhesion characteristics . . 154

IV.1.3 Adhesive interactions amongst lactic acid bacteria: extent and char-

acteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

Chapter IV.2

Shaving and breaking bacterial chains under shearing

IV.2.1 Shearing impact on bacterial functionality and spatial organization . 161

xiii



Contents

IV.2.1.1 Bacterial flocs categories . . . . . . . . . . . . . . . . . . . . . 161

IV.2.1.2 Bacterial chain size distribution . . . . . . . . . . . . . . . . . 162

IV.2.1.2.1 One-time shearing experiments . . . . . . . . . . . . 162

IV.2.1.2.2 Repeated versus one-time shearing . . . . . . . . . . 166

IV.2.1.3 Bacterial functionality . . . . . . . . . . . . . . . . . . . . . . 169

IV.2.2 Modeling the impact of shear flow on bacterial chain integrity . . . . 175

IV.2.2.1 Bacterial surface adhesive proteins removal and their rela-

tionship to surface traction forces . . . . . . . . . . . . . . . . 175

IV.2.2.1.1 Bacterial pili removal through high-speed centrifu-

gation . . . . . . . . . . . . . . . . . . . . . . . . . . 176

IV.2.2.1.2 Traction on a lone, freely-moving spherical cell . . . 182

IV.2.2.1.3 Traction on a fixed spherical cell . . . . . . . . . . . 183

IV.2.2.1.4 Traction on a spherical cell in a chain . . . . . . . . 183

IV.2.2.1.5 Relationship between surface adhesive protein re-

moval and surface tractions . . . . . . . . . . . . . . . 185

IV.2.2.2 Impact of the position of bacterial cells within a chain . . . . 187

IV.2.2.3 Impact of the bacterial chain rotation angle . . . . . . . . . . 188

IV.2.2.4 Impact of bacterial chain length . . . . . . . . . . . . . . . . 191

IV.2.2.4.1 Impact on cells on the outside of a chain (outer cells) 194

IV.2.2.4.2 Impact on cells on the inside of a chain (inner cells)

and potential link with chain breakage . . . . . . . . 195

IV.2.2.5 Chain breakage as a function of chain length . . . . . . . . . 196

IV.2.2.5.1 Breakage of 5-cell chains . . . . . . . . . . . . . . . . 196

IV.2.2.5.2 Breakage of 6-cell and 7-cell chains . . . . . . . . . . 198

IV.2.2.5.3 Towards an integrated, mechanistic approach of chain

breakage modeling . . . . . . . . . . . . . . . . . . . . 199

IV.2.2.6 Possible advantages of the 2-cell chain configuration . . . . . 201

IV.2.3 Proposed relationship between bacterial shape and functionality in

a shear flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

Chapter IV.3

Modeling bacterial adhesion in a shear flow: dynamics and damages

IV.3.1 Rigid body motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

IV.3.1.1 Symmetric dumbbell . . . . . . . . . . . . . . . . . . . . . . . 208

xiv



IV.3.1.1.1 Influence of hydrodynamic interactions . . . . . . . . 208

IV.3.1.1.2 Traction forces . . . . . . . . . . . . . . . . . . . . . 212

IV.3.1.2 Asymmetric dumbbell . . . . . . . . . . . . . . . . . . . . . . 215

IV.3.1.2.1 Dynamics . . . . . . . . . . . . . . . . . . . . . . . . 215

IV.3.1.2.2 Traction forces: aymptotic case of large A . . . . . . 217

IV.3.2 Flexible dumbbells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

IV.3.2.1 Symmetric case . . . . . . . . . . . . . . . . . . . . . . . . . . 225

IV.3.2.1.1 Influence of dumbbell flexibility on dumbbell dy-

namics: multiple timescales . . . . . . . . . . . . . . . 225

IV.3.2.1.2 Numerical investigations of the dynamics . . . . . . 231

IV.3.2.1.3 Relationship between surface traction forces and

dumbbell flexibility . . . . . . . . . . . . . . . . . . . 237

IV.3.2.2 Asymmetric case . . . . . . . . . . . . . . . . . . . . . . . . . 239

IV.3.2.2.1 Analytical investigations around t=0 . . . . . . . . . 239

IV.3.2.2.2 Influence of body size ratio on dumbbells dynamics . 241

IV.3.2.2.3 Influence of body size ratio on surface traction forces 245

IV.3.3 Shape variations: spherical-ellipsoidal dumbbells . . . . . . . . . . . 248

IV.3.3.1 Particular case of A=a . . . . . . . . . . . . . . . . . . . . . . 249

IV.3.3.1.1 Dominant locking regime . . . . . . . . . . . . . . . 249

IV.3.3.1.2 Dominant tumbling regime . . . . . . . . . . . . . . 251

IV.3.3.2 Case of flexible, asymmetric mixed dumbbells (A > a) . . . . 254

IV.3.3.2.1 Dynamics . . . . . . . . . . . . . . . . . . . . . . . . 254

IV.3.3.2.2 Maximal surface traction forces . . . . . . . . . . . . 257

IV.3.4 Dynamics and damages: spherical versus mixed dumbbells . . . . . . 260

xv



Contents

Part V Conclusions and Perspectives

Chapter V.1

Thesis highlights

V.1.1 Identification and characterisation of LAB-food adhesive interactions 266

V.1.2 Impact of shearing on bacterial adhesive abilities and shape (bacterial

suspension) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

V.1.3 Impact of shearing on bacterial adhesive abilities

(bacteria-particle) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

Chapter V.2

Perspectives

V.2.1 Short-term perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . 273

V.2.1.1Bacterial adhesion to food components . . . . . . . . . . . . . 273

V.2.1.2Impact of shearing on bacteria . . . . . . . . . . . . . . . . . . 275

V.2.2 Long-term perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . 277

V.2.2.1Impact of bacterial adhesion on food matrices properties . . . 277

V.2.2.2Impact of stress on bacterial evolution . . . . . . . . . . . . . . 279

Part VI Bibliography

xvi



Part VII Scientific valorization

Chapter VII.1 Publications 329

Chapter VII.2 Oral communications 331

Chapter VII.3 Poster presentations 333

Chapter VII.4 International collaborations 335

Chapter VII.5 Communication and science popularization 337

Chapter VII.6 Teaching 339

Part VIII Appendices

Appendix A Genomic information on the collection of 73 lactic acid

bacteria strains 343

Appendix B Impact of shearing on bacterial chain size distribution 347

B.1 Lactobacillus rhamnosus GG "wild type" (WT) . . . . . . . . . . . . . 347

B.2 Lactobacillus rhamnosus GG spaCBA . . . . . . . . . . . . . . . . . . 348

B.3 Lactobacillus rhamnosus GG welE . . . . . . . . . . . . . . . . . . . . 348

Appendix C Maximal surface traction forces applied to cells in bacte-

rial chains of various length 349

C.1 Maximal surface traction forces on 2-cell, 3-cell, and 4-cell chains . . . 349

C.2 Maximal surface traction forces on 5-cell chains . . . . . . . . . . . . . 352

xvii



Contents

Part IX Résumé de la thèse en français

Chapter IX.1

Introduction et objectifs

Chapter IX.2

Adhésion bactérie-aliment: ampleur et conséquences spatiales

Chapter IX.3

Impact du cisaillement sur les capacités adhésives et la rupture de

chaînes bactériennes

Chapter IX.4

Conclusion et perspectives

xviii



List of Figures

I.1.1 Schematic representation of bacterial-surface first adhesive interactions.

These interactions are influenced by both the bacterial and substrate sur-

faces heterogeneity. The eventual presence of a conditioning film can mod-

ify the physicochemical properties of the surface by altering charge, poten-

tial and surface tension. At the nanoscale level, the thin layer of interfacial

water present on the surface can potentially hinder cell adhesion but may

be displaced by cell surface hydrophobic components such as proteins,

the polymeric brush layer, and extracellular polysaccharides. Once the

bacterium is sufficiently close to the surface, adhesins and bacterial cell

appendages such as flagella, pili, and curli can interact with the surface

and have direct or indirect roles in adhesion; from Berne et al. [Berne

et al., 2018]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

I.1.2 Application of the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory

to bacterial adhesion in different states. Potential energy is plotted as

a function of distance from the substrate. Both the substrate and the

bacterial cell are represented as particles; from Faraudo et al. [Faraudo

et al., 2013]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

I.1.3 Groups responsible of bacterial surface charges changes depending on pH;

from Burgain et al. [Burgain et al., 2014a]. . . . . . . . . . . . . . . . . . . 7

xix



List of Figures

I.1.4 Bacterial cell wall architecture for Gram-positive bacteria, featuring pep-

tidoglycans, teichoic acids (wall teichoic acids: WTAs, and lipoteichoic

acids: LTAs), various cell wall-associated polysaccharides such as capsular

polysaccharides (CPS) sometimes with repeated subunits, glycoproteins,

lipoproteins, secreted proteins, other surface proteins, and proteinaceous

appendages that are called fimbriae or pili. From Lebeer et al. [Lebeer

et al., 2010]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

I.1.5 Microscopic observation (a) and structure description (b) of the SpaCBA

pilus of Lactobacillus rhamnosus GG ; (a) has been obtained by transmis-

sion electron microscopy (TEM) using antibodies against the subunit SpaA

with gold particles of 10 nm [Reunanen et al., 2012]; (b) was adapted from

Reunanen et al. [Reunanen et al., 2012]. . . . . . . . . . . . . . . . . . . . 16

I.1.6 Exopolysaccharides (EPS) present at the surface of Lactobacillus rhamno-

sus GG (LGG) and structure of galactose-rich EPS; adapted from Guerin

et al., 2017 [Guerin, 2017]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

I.1.7 Evolution of casein micelles models from 1982 to 2012; models are succes-

sively proposed by : (a) [Schmidt, 1982]; (b) [Walstra, 1990]; (c) [Holt,

1992]; (d) [Horne, 1998]; (e) [McMahon and Oommen, 2008]; (f) [Bouchoux

et al., 2010]; (g) [Dalgleish, 2011]; (h) [De Kruif et al., 2012]. Adapted

from Guerin et al. [Guerin, 2017]. . . . . . . . . . . . . . . . . . . . . . . . 23

I.1.8 Structure of the main whey proteins: (a) bovine β-lactoglobulin (RCSB

PDB code 1BEB) [Brownlow et al., 1997]; (b) bovine α-lactalbumin (RCSB

PDB code 1ALC) [Pike et al., 1996]; (c) bovine serum albumin (BSA;

RCSB PDB code 3V03) [Majorek et al., 2012]. . . . . . . . . . . . . . . . 24

I.1.9 Native milk fat globule membrane composition; adapted from Guerin et

al. [Guerin, 2017]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

xx



I.2.1 Food matrix impact on lactic acid bacteria protection, carrying and de-

livery through food manufacturing (incorporation method, bacterial state,

drying, grinding, rehydration, heating/freezing), food storage (food struc-

ture, pH, oxygen content, water activity, nutrient contents and ratios)

and digestion (food structure, pH, buffering capacity, nutrient contents

and ratios). A distinction is made between dairy and nondairy foods. . . . 28

I.2.2 Advantages and disadvantages of five main food matrix types (dairy, ce-

reals, fruits and vegetables, chocolate, and meat) on lactic acid bacteria

(LAB) protection, carrying, and delivery. . . . . . . . . . . . . . . . . . . . 57

I.2.3 The ideal food matrix for effective lactic acid bacteria protection, carrying

and delivery: optimization of seven essential parameters (pH, aw, buffering

capacity, food structure, fat content, oxygen content, nutrient contents). . 59

I.3.1 Effect of spraying-induced shear stress on bacterial chain organization;

from Guerin et al. [Guerin et al., 2017c]. . . . . . . . . . . . . . . . . . . . 62

I.3.2 Cheese anisotropic hardening and viscoelastic behavior during shearing for

pasta filata cheeses such as mozzarella; "adhesive casein patches" represent

the areas of micelles depleted of κ-casein, which are able to stick to other

depleted areas in order to form casein clusters during the curd-firming

process. This figure was inspired from Sharma et al. [Sharma et al., 2018]. 73

I.3.3 Correlation between the global degree of structure of the dairy matrix λ

and the characteristic dimensions D3,2 and D4,3, respectively the surface-

weighted mean diameter and the volume-weighted mean diameter (also

called the Sauter and De Brouckere mean diameters) of the bacteria-

containing aggregates constituting the matrix. . . . . . . . . . . . . . . . . 84

II.0.1 The three objectives of the multidisciplinary research project "Key adhe-

sive interactions between bacteria and food components". . . . . . . . . . 94

xxi



List of Figures

III.2.1 Visual representation of the times values tstart at which apparent growths

start and the corresponding levels of adhesion for three hypothetical strains

presenting adhesive differences. . . . . . . . . . . . . . . . . . . . . . . . . 105

III.3.1 Experimental settings of atomic force microscopy (AFM) when mea-

suring adhesive interactions between lactobacilli (Lactobacillus aquaticus

DSM 21051 e.g.), and milk proteins. . . . . . . . . . . . . . . . . . . . . . 109

III.3.2 Typical force-distance curve obtained using atomic force microscopy in

spectroscopic mode for specific interactions occurring between a function-

alized probe and an interacting surface. . . . . . . . . . . . . . . . . . . . 110

III.3.3 Experimental settings of confocal laser scanning microscopy (CLSM)

when observing bacterial spatial distribution relatively to fat globules in

various milk media. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

III.4.1 Overview of the experimental system allowing the determination of the

impact of shear stress on bacterial functionality (through bacterial adhe-

sion) and bacterial physical state (through bacterial chain size distribu-

tion); "β-lac" stands for "β-lactoglobulin". . . . . . . . . . . . . . . . . . . 114

III.4.2 Vertical (left) and horizontal (right) cross-sections of the external two-

fluid nozzle used for shearing experiments, adapted from Ghandi et al.

(2012) [Ghandi et al., 2012]. Bacterial suspension and atomization air

respectively have velocities vB, vA, mass flow rates ṁB, ṁA, volumetric
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Preamble

This Ph.D. project was born in the Biomolecule Engineering Laboratory (LIBio), located

in Nancy, France. From the beginning, it was conceived as a multidisciplinary project that

would lay at the interface of various disciplines, including food engineering, microbiology,

biophysics, and mathematical modeling.

The main objectives of LIBio researchers are to understand and control soft matter

structuring mechanisms and to get a good grasp at mass transfer phenomena and stability

of complex systems by considering biotic and abiotic interactions. Three research axes

have been developed around these objectives. They concern (i) the impact of processes

and of both biotic and abiotic dimensions of food matrices on their functional properties,

(ii) the conception of vulnerable molecules carriers or “vectors”, and (iii) the control and

study of such vectors and matrices in situ.

Previous Ph.D. projects conducted in the LIBio included the development of an encap-

sulation technique for probiotic lactic acid bacteria [Burgain, 2013], which was patented

(patent no. 456357), and a later focus on dairy functional ingredients that allowed opti-

mizing Lactobacillus rhamnosus GG encapsulation [Guerin, 2017]. In the latter project,

the importance of adhesive phenomena between the strain studied and several dairy

components and its impact on the encapsulation process were enhanced. The research

presented in the current dissertation was conceived in continuity with those two projects,

studying the extent and sensitivity of adhesive interactions occurring between lactic acid

bacteria and food components and their potential implications on food structuration and

food design.
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Preamble

Part of this research initially included reverse engineering methodology aiming to

model and predict food matter structuration depending on interactions between food

bacteria and milk components. Because modeling and mathematical skills were not

available in the LIBio, building a partnership with another lab was envisioned from the

start of the project.

As I had already established strong connections with the University of Wisconsin-

Madison during my first year of M.Sc., and because my main Ph.D. supervisor had told

me about Fulbright scholarships, I primarily searched for collaborations there. Luckily,

I had planned long ago to visit some friends in Madison only two months after starting

my thesis, for Thanksgiving. I seized this occasion to knock at some doors in the Food,

Biochemistry, Microbiology, and Math departments. And, by chance –I met with a young

mathematician who was interested in my research. We spent an hour talking about how

our paths may cross in the near future, and could potentially result in a partnership.

Back in France, early 2017 I built up a Fulbright project, which eventually earned a

Fulbright scholarship that was going to fund me as a Visiting Researcher at the University

of Wisconsin-Madison. The duration of Fulbright projects is left for the researcher to

choose depending on the needs of his or her project. I had in mind to develop strong

modeling skills that could be a real asset to my home lab when coming back –so I decide

to go for a long, nine-month stay.

I spent the first year and a half in Nancy, from October 2016 to December 2017,

experimenting and teaching, and left for Madison, WI early 2018. Starting up in this

new environment, on a new topic, losing my bearings and having not been doing math

for five years –beginnings were difficult. We soon realized, as I started, that because the

bacteria I was working with were non motile, most theories my supervisor had worked

with before would not be of much use –almost everything was therefore to be recreated.

Trying to find quickly a modeling ground common to both of us that would allow for

safe foundations to be rebuilt in relation to food and lactic acid bacteria, we jumped from

one field to another, trying to get an overview of diverse theories from totally different

branches (statistical physics, biochemical engineering, phase-field modeling, etc.) hoping
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to converge faster to a shared point of interest. During several months, every week we

switched topics, bringing new questions upon the table, while in parallel I was learning to

code and we implemented a simple model inspired from phase-field theory that allowed

visualizing bacterial distribution changes in matrices going from a liquid to a solid state.

After four months, coming back from our crusades into the wide world of engineering,

math, and physics literature, we eventually sat down to think –too little was known about

dairy food structuration and the role played by bacteria during phase transitions to build

a decent, predictive model of matter structuration, which was our initial goal. I took the

decision to stop looking in that direction, and to valorize our findings into a literature

review that would point out the existing gaps that prevented us to come up with a

predictive model of matter structuration.

I then chose to adopt a different approach: instead of trying to find how to achieve

modeling a topic about which little was known, but which was of interest to us, we

tried looking at what we know best how to do, and from it draw topics that could be

interesting to us. We came up with a topic relating fluid mechanics and microbiology

one month before I came back to France for two weeks for my mid-stay activity report

and teaching activities. During that month, I gave all I had to come up with a decent

proposal that would be supported by more literature research and even some insight on

future modeling that was going to be performed. Although this direction led to a whole

new field to explore, this time it was easier as my supervisor at the UW-Madison was an

expert of the field we chose and we made progress a lot faster.

Coming back to France, I presented both the literature review I intended to finish

writing, and the new project we had just started. It took some explanations and look-

backs to manage to integrate it into my Ph.D. project, and general orientations of this

project were consequently modified. But once started and framed, this new path was easy

to follow. In the next three months I spent in Madison, a numerical model was finalized,

alongside with bases for an analytical approach that supported numerical results.

As I was close to finish up numerical experiments and to propose a decent theory

supporting our views, another difficulty got in the way: my supervisor was going to spend

xlv



Preamble

the next fall semester in New York, at the Flatiron Institute, as part of a sabbatical year.

I was either going to come with him or remain alone in Madison to finish the project.

There were two months left before the end of my stay, and we were making a lot of

progress on the theory which I know would be a lot harder to develop without daily

interactions with my supervisor –our frequent exchanges were essential to the project. I

chose to come.

I had to convince both the Fulbright Commission and my supervisors back in France

that this mobility was necessary to my project, that I could achieve it without more fund-

ing, and that I would be hosted at the Flatiron Institute as well. These last two months

were rich in events and discoveries. I integrated a team of ten people on biophysical

modeling, who all came from different countries and whose insights on my project broad-

ened my perspectives. It was an extremely stimulating environment which undoubtedly

benefited both my project and experience.

Coming back to France mid-November 2018, I had two papers in preparation issued

from my stay in addition to the literature review that I projected to write. I spent

the next couples of months performing experiments that were going to be coupled with

the modeling I had done in the U.S., and refining the underlying mathematical theory.

Arriving in June, the two papers issued from the collaboration were almost finalized,

and I got accepted as a speaker to two international conferences to present them to both

microbiologists and mathematicians.

This dissertation, which was written between May and July, is the result of combined

experimental and modeling efforts both overseas and in France that led up to six papers,

three of them being already published and three being currently reviewed before submis-

sion. The two literature reviews papers were reorganized, completed, and gathered both

in one part of this dissertation. The four research articles were integrated and combined

if needed in the Results and Discussion section. The most recent results led to a number

of perspectives that could not be all explored in the remaining time of this Ph.D. project,

and were detailed in the Perspectives section. I hope to achieve them in future work.

Wishing you a good read. . .
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Chapter I.1

Bacterial adhesion and lactic acid

bacteria

I.1.1 Bacterial adhesion: generalities

Bacteria use adhesion apparatus in a wide variety of situations including nutrient sensing

and monopolization [Nagara et al., 2017, Yu et al., 1987], twitching motility [Persat

et al., 2015, Talà et al., 2019], resistance to mechanical stresses [Björnham and Axner,

2009,Persat et al., 2015], and environment colonization through attachment and growth

on biotic and abiotic surfaces [An and Friedman, 1998,Katsikogianni and Missirlis, 2004,

Kline et al., 2010,O’Connell, 2003,Lebeer et al., 2008,Lebeer et al., 2012,Pizarro-Cerdá

and Cossart, 2006, Segers and Lebeer, 2014, Tripathi et al., 2013, Tassell and Miller,

2011,Whittaker et al., 1996]. Bacterial adhesion can be defined as an action characterised

by physicochemical and biological phenomena allowing bacteria to unite with a surface

[Quirynen and Bollen, 1995]. It depends on environmental factors (temperature, pH,

etc.), surface characteristics (appearance, roughness, etc.), the surface free energy of the

couple bacteria/substrate, hydrophylic/hydrophobic characteristics of both bacteria and

substrate, the surface charge, the ionic strength of the medium, and the presence of

specific structures on bacterial surface or substrate [An and Friedman, 1998,Berne et al.,

2018] such as represented on Figure I.1.1.
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Chapter I.1. Bacterial adhesion and lactic acid bacteria

Figure I.1.1: Schematic representation of bacterial-surface first adhesive interactions.
These interactions are influenced by both the bacterial and substrate surfaces hetero-
geneity. The eventual presence of a conditioning film can modify the physicochemi-
cal properties of the surface by altering charge, potential and surface tension. At the
nanoscale level, the thin layer of interfacial water present on the surface can potentially
hinder cell adhesion but may be displaced by cell surface hydrophobic components such
as proteins, the polymeric brush layer, and extracellular polysaccharides. Once the bac-
terium is sufficiently close to the surface, adhesins and bacterial cell appendages such as
flagella, pili, and curli can interact with the surface and have direct or indirect roles in
adhesion; from Berne et al. [Berne et al., 2018].

Bacterial molecules involved in pathogenic adhesion range from single monomeric

proteins, such as adhesins and other surface proteins attached to bacterial cell wall

through low-energy binding, to macromolecular complexes such as type III secretion

systems and retractile type IV pili [Chagnot et al., 2013, Berne et al., 2018, Desvaux

et al., 2018, Desvaux et al., 2006, Jaglic et al., 2014, Pizarro-Cerdá and Cossart, 2006].

In the case of Gram-positive bacteria, bacteria-environment interactions such as bacte-

rial adhesion are generally mediated by sortase-dependent proteins [Comfort and Clubb,

2004,Maresso and Schneewind, 2008], which are anchored through high-energy chemical

bonds to the cell wall and possess an LPxTG-like pattern (leucine, proline, X for any

amino-acid substitution, threonine, and glycine) at their C-terminal end [Schneewind

and Missiakas, 2014b].

Physicochemical adhesive interactions occurring between bacteria and surfaces have

been described using different approaches, including thermodynamic approaches [Morra

and Cassinelli, 1998] and the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, which
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I.1.1. Bacterial adhesion: generalities

Figure I.1.2: Application of the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory to
bacterial adhesion in different states. Potential energy is plotted as a function of distance
from the substrate. Both the substrate and the bacterial cell are represented as particles;
from Faraudo et al. [Faraudo et al., 2013].

allows predicting the overall state of bacterial adhesion as a function of the free en-

ergy involved in the adhesion phenomenon [Alam et al., 2019, Faraudo et al., 2013], as

represented in Figure I.1.2. These approaches do not fully comprehend bacterial ad-

hesion [Hermansson, 1999] and therefore the "extended DLVO theory" (XDLVO) was

proposed [van Oss, 1989] including acid-base interactions accounting for the hydropho-

bicity of the surfaces involved [Rosenberg and Doyle, 1990]. However, all these theories

are initially meant for soft colloids and fail in taking into account the adaptability and

variability of biological systems [Chagnot et al., 2013,Hermansson, 1999,Katsikogianni

and Missirlis, 2004] such as morpho- and physiological changes due to different regulatory

levels (genes or protein expression).

Both specific and non-specific interactions play an important role in the cell ability

to attach to (or to resist detachment from) biomaterial surfaces and have previously

been described [An and Friedman, 1998, Berne et al., 2018, Busscher and Weerkamp,

1987, Chagnot et al., 2013, Guerin, 2017, Heilmann et al., 1996, Morra and Cassinelli,

1996, Vaudaux et al., 1990]. First, non-specific and reversible (weak) interactions are
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Chapter I.1. Bacterial adhesion and lactic acid bacteria

established. Those include van der Waals interactions, which are generally attractive;

electrostatic interactions, which are modulated by ionic strength and pH of the liquid

environment; hydrophylic/hydrophobic interactions (described by the XDLVO theory);

and Lewis acid–base interactions, which are attractive or repulsive depending on the

environment, bacterium and surface chemistries [An and Friedman, 1998, Berne et al.,

2018,Busscher and Weerkamp, 1987] (Figure I.1.1).

Van der Waals interactions are involved when the bacterium and the substratum are

apart but remain fairly close (20-50 nm-distance). They results from electrons inter-

actions. Electrostatic repulsion forces come in to prevent interpenetration of electron

clouds [Bos et al., 1999,Marshall et al., 1971,van Loosdrecht et al., 1987] and occur when

the surface of the bacterium, commonly negatively-charged in physiologic media due to a

higher number of carboxyle and phosphate groups compared to amino groups [Poortinga

et al., 2002,van Loosdrecht et al., 1989], comes in contact with the surface of a substrate

also negatively charged [Rutter and Vincent, 1984]. They usually involve charged groups

such as phosphates, lipopolysaccharides, or carboxyls [Ly et al., 2006] and are considered

to be a determining factor controlling bacterial attachment to surfaces [Bellon-Fontaine

et al., 1996]. Electrostatic interactions are modulated by environmental factors such as

pH, due to its impact on bacterial charge, as presented in Figure I.1.3, and ionic strength.

Repulsive energy increases as ionic strength decreases and at very low ionic strength, the

energy barrier can become such as impossible to overcome either by swimming or Brow-

nian motion [Marshall et al., 1971, van Loosdrecht et al., 1990], consistently with the

DLVO theory [Abu-Lail and Camesano, 2003, Bunt et al., 1995, van Loosdrecht et al.,

1989,Zita and Hermansson, 1994]. Below 20 nm, when the bacterium crosses the electro-

static energy barrier, short-distance interactions such as Lewis acid-base or hydrophobic

interactions can occur. Lewis acid-base interactions (electron acceptor/donor) enables

the formation of hydrogen bonds, which are strong electrostatic interactions.

Then, specific and non-reversible interactions occur [An and Friedman, 1998,Busscher

and Weerkamp, 1987]. This second phase of adhesion is achieved through the maturation

of some interactions between the bacterial cell and the surface through the repositioning
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I.1.1. Bacterial adhesion: generalities

Figure I.1.3: Groups responsible of bacterial surface charges changes depending on pH;
from Burgain et al. [Burgain et al., 2014a].

of the cell body and surface structures and by the production of adhesin molecules, which

often involves small molecule signalling [Berne et al., 2018]. Other non-protein molecules

such as teichoic acids (TA), lipoteichoic acids (LTA), and polysaccharides may also play a

role during this phase [Burgain, 2013,Chapot-Chartier and Kulakauskas, 2014,Fischetti,

2019].

Bacterial adhesion can lead to the formation of biofilms, which have been of particular

interest in industry [Barnes et al., 2001,Berne et al., 2018,Garrett et al., 2008,Notermans

et al., 1991,Pontefract, 1991] and can also mediate host colonization by establishing direct

contact with the mucous membrane of various epithelia [Borges et al., 2016b, Conway

et al., 1987,Ouwehand et al., 2001,Pizarro-Cerdá and Cossart, 2006,Quinto et al., 2014,

Servin and Coconnier, 2003].

Adhesion of pathogens is considered to be a virulence factor as it facilitates host

invasion and results in infections [An and Friedman, 1998,Katsikogianni and Missirlis,

2004,Ong et al., 1999, Pizarro-Cerdá and Cossart, 2006, Proft and Baker, 2009,Roszak
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Chapter I.1. Bacterial adhesion and lactic acid bacteria

and Colwell, 1987,Whittaker et al., 1996]. However, amongst non-pathogenic bacteria

such as lactic acid bacteria, adhesion is considered essential in order for the cells to remain

functional and therefore provide health benefits to the host, i.e. exert a probiotic action

[Agrawal, 2005,Borges et al., 2016b,Cousin et al., 2012,Daniel et al., 2006,Ford et al.,

2014,Johnson-Henry et al., 2016,Lee and Salminen, 2009,Ouwehand et al., 2001,Pandey

et al., 2015,Quinto et al., 2014,Servin and Coconnier, 2003,Tufarelli and Laudadio, 2016].

I.1.2 Lactic acid bacteria

I.1.2.1 Diversity and interest

The interest for lactic acid bacteria (LAB) and foods begins with Pasteur’s work on

lactic acid fermentation in 1857 and the first isolation of a pure culture, Bacterium lactis

(now renamed Lactococcus lactis subsp. lactis) by Leister in 1873. According to Orla-

Jensen in 1919, the “true lactic acid bacteria” form a natural group of Gram-positive,

non-sporulating rods or cocci that ferment carbohydrates to produce lactic acid as one of

their main fermentation products [Axelsson, 2004,Stackebrandt and Teuber, 1988,Stiles

and Holzapfel, 1997]. Later, this definition was extended to microorganisms able to

ferment various nutrients predominantly into lactic acid [Klaenhammer et al., 2005,Liu,

2003]. General characteristics of LAB are that they are also anaerobic, microaerophilic

or facultative aerobic, acid-tolerant [Axelsson, 2004, Klaenhammer et al., 2005], and

catalase-negative, although some LAB strains feature a catalase activity mediated by

a non-heme “pseudocatalase” [Engesser and Hammes, 1994].

The definition and classification of LAB changed with the introduction of molecular

biology and was the focus of intense taxonomic study with approaches involving both phe-

notypic and phylogenetic characterisation of bacteria [Axelsson, 2004,Pot, 2007]. LAB

constitute a heterogeneous group of microorganisms, and the different genera included

in the term LAB have been subject to several controversies. Orla-Jensen (1919) ini-

tiated a LAB classification based on four main criteria: cellular morphology, mode of

glucose fermentation, growth temperature range and carbohydrates utilization patterns.

Historically, this classification only included the four genera Lactobacillus, Leuconostoc,
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I.1.2. Lactic acid bacteria

Pediococcus, and Streptococcus, which correspond to the current genera Carnobacterium,

Lactobacillus, Weissella, Leuconostoc, Oenococcus, Pediococcus, Enterococcus, Lactococ-

cus, Streptococcus, and Vagococcus [Axelsson, 2004,Pot, 2007,Stackebrandt and Teuber,

1988,Stiles and Holzapfel, 1997].

Taxonomic revisions of these genera as well as the description of new genera led to sev-

eral changes. Among domesticated bacteria widely studied and exploited, LAB are found

in two distinct phyla, namely Firmicutes and Actinobacteria. LAB in the Actinobac-

terium phylum only includes Atopobium and Bifidobacterium genera (which produce

lactic acid but always in combination with acetic acid), with a Guanine-Cytosine (GC)

content of 36-46 % and 58-61 %, respectively [de Vos, 2011,Horvath et al., 2009,Makarova

et al., 2006]. Within the Firmicutes phylum, LAB belong to order Lactobacillales and

include the genera Aerococcus, Alliococcus, Carnobacterium, Enterococcus, Lactobacil-

lus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Tetragenococcus,

Vagococcus and Weissella which are all low GC content organisms (31-49 %) [de Vos,

2011, Pot, 2007]. Some minor genera also include Dolosigranulum and Globicatella

[Munoz et al., 2011]. Lactobacillus is the main studied genus. Nowadays, phyloge-

netic relationships among LAB are still a subject of discussion due to their polyphyletic

status [Zhang et al., 2011].

LAB are found naturally in a variety of environmental habitats, including plant

(fruits, vegetable, cereal), meat and milk environment, and are involved in a large number

of industrial and spontaneous food fermentations, notably those based on raw materi-

als derived from these natural habitats. Historically, LAB have been traditionally used

and well-known as starter cultures [Carr et al., 2002,Hayek and Ibrahim, 2013,Khalid

and others, 2011,Klaenhammer et al., 2005,Pokusaeva et al., 2011,Quinto et al., 2014],

which led to their widespread human consumption. Most LAB are Generally Recognized

as Safe (GRAS) microorganisms and have numerous applications in foods [Aguirre and

Collins, 1993]. Their primary contribution is rapid acid production and acidification of

foods, but metabolic processes occurring in parallel to LAB growth also impact flavor,

nutrition, and texture quality of a variety of fermented foods [Axelsson, 2004,Klaenham-
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mer et al., 2005,Kleerebezem and Hugenholtz, 2003,Pot, 2007]. In addition, LAB have

the ability to limit food product deterioration by inhibiting bacterial growth through the

production of lactic acid and growth-inhibiting compounds such as acids, H2O2, CO2 and

bacteriocins [Cotter et al., 2005]. Some LAB are also closely associated with the mucosal

surfaces of animals and human environment, including the gastrointestinal tract, the oral,

the respiratory and the vaginal cavities. Moreover, many species of lactic acid bacteria

are considered to be important components of the normal intestinal microbiota, which

contribute to a variety of functions including intestinal integrity, immunomodulation,

and pathogen resistance.

More recently, their probiotic potential has also made them very attractive in the

design of functional foods [Klaenhammer et al., 2005,Pot, 2007,Quinto et al., 2014,Stiles

and Holzapfel, 1997]. Few LAB feature the European probiotic claim, but some have

already obtained it in other countries [Ebner et al., 2014]. In order to benefit human

health, LAB most often need to remain both viable and functional i.e. able to adhere

when reaching the targeted tract, although in some cases even nonviable organisms can

induce positive health effects [Ditu et al., 2014]. Strategies to ensure bacterial protection

and efficient delivery have therefore been developed, and in this context probiotic food

products have drawn increasing interest since the early 2000’s, representing already 65

% of the international market of functional foods in 2005 [Agrawal, 2005], valued at

approximately USD 40.09 billion in 2017 and estimated to generate revenue of around

USD 65.87 billion by end of 2024, with an annual growth rate of more than 7 % (Zion

Market Research).

Functional genomics approaches have been used to understand better the response of

LAB to their environment and in particular, their adaptaion in artisanal and industrial

food fermentations as well as their interactions with the human host in case of probiotic

action [Douillard and de Vos, 2014]. These approaches revealed characteristics shared

by the group involved in colonization, persistence, interaction and signaling towards to

the human host and its health. Within the Lactobacillus casei group, the respective

LPxTG protein-encoding genes repertoires of L. rhamnosus, L. casei, and L. paracasei
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share several similarities such as pili gene clusters [Toh et al., 2013]. A recent review

discussed the central role of sortases and LPxTG proteins for LAB, especially for the

ones found in the gastrointestinal tract (GIT) [Call and Klaenhammer, 2013].

Mucin adhesion
factor

Species Anchoring
type Reference

Mucus-binding
protein (MUBs)

L. acidophilus,
L. reuteri LPxTG

[Boekhorst et al., 2006,Buck et al., 2005,
Etzold et al., 2014,Mackenzie et al., 2010]
[Roos and Jonsson, 2002]

Mannose-specific
adhesin (Msa) L. plantarum LPxTG [Pretzer et al., 2005]

Mucus-binding
factor (MBF) L. rhamnosus LPxTG [Von Ossowski et al., 2011]

CmbA protein L. reuteri LPxTG [Etzold et al., 2014,Jensen et al., 2014]

SpaCBA and
SpaFED pili LGG

LPxTG
(fimbriae
type)

[Kankainen et al., 2009,Reunanen et al.,
2012,Rintahaka et al., 2014,von Ossowski
et al., 2010]

Lam29 protein L. mucosae Membrane [Watanabe et al., 2010]
MapA protein L. reuteri Membrane [Miyoshi et al., 2006]
32-Mmupb pro-
tein L. fermentum Membrane [Macías-Rodríguez et al., 2009]

Elongation factor
Tu (EF-Tu)

L. johnsonii,
L. reuteri, L.
plantarum

Anchorless
[Dhanani and Bagchi, 2013,Granato et al.,
2004,Mukai et al., 2002,Nishiyama et al.,
2013]

Glyceraldehyde
3-phosphate
dehydrogenase
(GAPDH)

L. acidophilus,
L. plantarum Anchorless [Kinoshita et al., 2008,Patel et al., 2016]

Chaperon protein
GroEL L. johnsonii Anchorless [Bergonzelli et al., 2006]

Table I.1.1: Mucin adhesion factors characterised in lactobacilli species; adapted from
Nishiyama et al. [Nishiyama et al., 2016].

Numerous papers have been published dealing with probiotic lactic acid bacteria ad-

hesion to the host [Apostolou et al., 2001,Borges et al., 2016b,Conway et al., 1987,Daniel

et al., 2006, Klemm and Schembri, 2000, Kline et al., 2009, Lebeer et al., 2012, Lee

et al., 2000,Lee and Salminen, 2009,Morelli, 2007,Muñoz-Provencio et al., 2009,Ouwe-

hand et al., 2001, Pizarro-Cerdá and Cossart, 2006,Quinto et al., 2014, Scott and Zäh-
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ner, 2006, Servin and Coconnier, 2003, Tassell and Miller, 2011, Van Loosdrecht et al.,

1987,Whittaker et al., 1996]. The composition of the bacterial cell wall and, in particular,

the presence of some surface appendages such as pili, adhesins, and non-protein molecules

including teichoic and lipoteichoic acids, and polysaccharides are essential to the adhe-

sion process of lactic acid bacteria [Berne et al., 2018, Boekhorst et al., 2006, Burgain,

2013,Chagnot et al., 2013,Chapot-Chartier and Kulakauskas, 2014,Danne and Dramsi,

2012, Delcour et al., 1999, Desvaux et al., 2006, Desvaux et al., 2018, Dimitrov et al.,

2014,Fischetti, 2019,Granato et al., 1999,Hynönen and Palva, 2013,Katsikogianni and

Missirlis, 2004,Klemm and Schembri, 2000,Kline et al., 2009,Le et al., 2013,Lebeer et al.,

2010,Mandlik et al., 2008,Meyrand et al., 2013, von Ossowski et al., 2010,Weidenmaier

and Peschel, 2008,Welman and Maddox, 2003]. In particular, mucin adhesion factors

characterised in lactobacilli species have recently been reviewed (Table I.1.1).

Main cell wall components involved in adhesion amongst lactic acid bacteria and,

in particular, present on the model strain Lactobacillus rhamnosus GG (LGG) will be

detailed in the next section.

I.1.2.2 Description and adhesive role of the bacterial cell wall

The cell wall of lactic acid bacteria is typically composed of a thick peptidoglycan layer

in which are inserted proteins, teichoic acids, and polysaccharides, some of which being

anchored in the underlying cytoplasmic membrane such as represented in Figure I.1.4.

Peptidoglycans and teichoic acids are respectively the first and second major components

of the cell wall in terms of dimensions and molecular weight. Teichoic acids are usually

made of repeated units of polyglycerol phosphate or polyribitol phosphate, which can be

either anchored through high-energy chemical bonds ("covalent") to peptidoglycans (wall

teichoic acids, WTAs), or to the cytoplasmic membrane (lipoteichoic acids, LTAs) [Lebeer

et al., 2010]. Both are often substituted with glycosyl residues or D-alanyl esters. Cell

wall-associated polysaccharides such as capsular polysaccharides (CPS) are often long

heteropolysaccharides which feature repeating subunits with different sugar moieties but

can also be occasionally homopolysaccharides; they do not have a common core structure.
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Figure I.1.4: Bacterial cell wall architecture for Gram-positive bacteria, featuring pep-
tidoglycans, teichoic acids (wall teichoic acids: WTAs, and lipoteichoic acids: LTAs),
various cell wall-associated polysaccharides such as capsular polysaccharides (CPS) some-
times with repeated subunits, glycoproteins, lipoproteins, secreted proteins, other surface
proteins, and proteinaceous appendages that are called fimbriae or pili. From Lebeer et
al. [Lebeer et al., 2010].

Additionally, lactic acid bacteria can secrete adhesive proteins, such as the lectin-like

moonlighting proteins that bind to sugar residues on host surfaces [Kinoshita et al.,

2008]. Some strains also present long surface appendages with adhesive properties, named

fimbriae or pili [Kankainen et al., 2009] and a S-layer of rigidly arrayed protein molecules

covering the outside of the cell, attached to the cell wall through low-energy bonding

[Sleytr and Beveridge, 1999]. WTAs, LTAs, CPS, secreted proteins and proteins of the

S-layer, and external appendages may all be involved in adhesive phenomena [Busscher

and Weerkamp, 1987].

I.1.2.2.1 Proteins

Proteins are organic compounds that consist of amino acids residues joined by peptide

bonds in one or several assembled chains. The subset of proteins interacting with the ex-

tracellular environment may be called surfaceome [Desvaux et al., 2018]. In LAB, surface-

associated proteins represent roughly 80 % of predicted secreted proteins [Zhou et al.,

2010] and most of them are secreted by the universally conserved Sec pathway [Chapot-

Chartier and Kulakauskas, 2014] although many other protein secretion systems are
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Chapter I.1. Bacterial adhesion and lactic acid bacteria

present on LAB such as the TAT system (twin-arginine translocation), the ABC protein

exporter, and the FPE (fimbrilin-protein exporter) [Chagnot et al., 2013]. The Sec-

machinery mediated secretion is an essential pathway that provides for the transport

of most proteins into and accross the plasma membrane and has been best studied in

Escherichia coli [Schneewind and Missiakas, 2014b]. Details on this secretion system and

its modes of action can be found in previous reviews [Chapot-Chartier and Kulakauskas,

2014, Schneewind and Missiakas, 2014b], and other secretion systems presents on LAB

have also been thoroughly reviewed [Chagnot et al., 2013]. More generally, information

on surface proteins present on Gram-positive bacteria can be found in the recent review

by Fischetti [Fischetti, 2019]. It can also be noted that in the field of protein secretion,

the description of monoderm bacteria (species exhibiting only one biological membrane)

and diderm bacteria (species exhibiting two biological membranes, a cytoplasmic and

an outer membrane), such as presented by Chagnot et al., may be more appropriate

than the traditional distinction between Gram-negative and Gram-positive terminology

which may sometimes presents some ambiguities [Chagnot et al., 2013]. Secreted pro-

teins can be highly bound to the cell surface by sortase-mediated reactions, in which case

the protein contains both a Sec-dependent N-terminal signal peptide and a C-terminal

cell wall sorting signal, consisting of a LPxTG-like motif, a hydrophobic domain and a

positive charged tail [Navarre and Schneewind, 1999]. They can also be poorly bound to

the cell surface via (i) transmembrane anchors, (ii) lipids anchors, or (iii) different cell

wall binding domains [Chapot-Chartier and Kulakauskas, 2014]. Main proteins present

on the surface of LAB that can be involved in adhesion include pili, which are long

proteinaceous structures composed of associated proteins subunits called pilins or fim-

brins, and monopolypeptides such as MUBS, MucBP, and MBF, some of them being

included in supramolecular protein structures such as the S-layer. Other proteins with

uncharacterised cell-envelope interacting domains, called "moonlighting proteins", may

also act as adhesins towards host components such as plasminogen, fibronectin, laminin,

or mucin [Desvaux et al., 2018].
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Pili Bacterial pili are defined as filamentous, non-flagellar, proteinaceous, multi-subunit

surface appendages involved in adhesion to other bacteria, host cells, or environmen-

tal surface [Fronzes et al., 2008, Kline et al., 2009, Kline et al., 2010, Reunanen et al.,

2012, Scott and Zähner, 2006]. In Gram-negative bacteria four types of pili have been

characterised in detail over the last decades: (i) the type I and type P of Escherichia

coli (chaperone/usher pathway), (ii) the type III or Yersinia, Shigella, and Salmonella

(secretion needle), (iii) the type IV of Neisseria, and (iv) curli of E. coli and Salmonella.

The structure, secretion, and roles of these pili have been previously described and will

not be detailed here [Danne and Dramsi, 2012,Kline et al., 2010]. In the case of Gram-

positive bacteria, pili are usually composed of a single major pilin subunit and one or two

accessory subunits, the genes for which are all clustered in genetic loci which contains

a sortase gene(s) which encodes the enzyme that catalyses the polymerization of these

sortase-assembled pili [Kline et al., 2010]. Pili have been predicted in numerous lactic

acid bacteria strains including L. rhamnosus, Lactobacillus casei and paracasei, Lacto-

coccus lactis, Lactobacillus salivarius [Douillard et al., 2013, Sun et al., 2015], a subset

being presented in Appendix A.1. Out of 213 Lactobacillus strains a total of 67 pili gene

clusters were predicted in 51 bacterial strains, most strains harboring a single pili gene

cluster. Only about one-third of the piliated strains possessed pili gene clusters similar

to those of the model strain LGG [Sun et al., 2015]. In terms of phylogenetic disper-

sion, the ecologically diverse L. casei/L. rhamnosus clade harbored the greatest number

of piliated species, whereas other strains such as Lactobacillus equicursoris, Weissella

confusa, and Lactobacillus parabuchneri DSM 15352 are the only piliated species within

their respective clades [Sun et al., 2015].

LGG pili have first been observed by Lebeer et al. [Lebeer et al., 2009] when char-

acterising the mutant strain EPS-depleted LGG welE. A complete genome sequencing

performed by Kankainen et al. the same year allowed precising the genes coding for LGG

pili [Kankainen et al., 2009]. Two main gene clusters have been evidenced, the first one

coding for the SpaFED pilus and the second coding for the SpaCBA pilus, the latter

being the only one that was seen expressed in laboratory conditions [Douillard et al.,
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200 nm
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Figure I.1.5: Microscopic observation (a) and structure description (b) of the SpaCBA
pilus of Lactobacillus rhamnosus GG ; (a) has been obtained by transmission electron
microscopy (TEM) using antibodies against the subunit SpaA with gold particles of 10
nm [Reunanen et al., 2012]; (b) was adapted from Reunanen et al. [Reunanen et al.,
2012].

2013,Reunanen et al., 2012]. LGG was found to remain piliated with SpaCBA pili under

different stress conditions such as bile salts and low pH [Douillard et al., 2013]. Com-

parative genome and functional analysis of L. rhamnosus species showed that functional

SpaCBA pili are significantly more prevalent in human than in dairy isolates (13 %), and

most prevalent in intestinal isolates compared to oral and vaginal isolates [Douillard et al.,

2013]. Immunostaining techniques confirmed the presence of about 10 to 50 SpaCBA pili

by LGG cell, each measuring approximately 1 µm (Figure I.1.5a). The SpaCBA pilus is

constituted of three protein subunits named SpaA, SpaB, and SpaC. The subunit SpaA

constitutes the core of the pilus on which SpaB (located preferentially near the pilus

basis) and SpaC (all along the subunit SpaA and also at its tip) are anchored (Figure

I.1.5b).

The glycosylation of the SpaCBA pilus was also recently evidenced [Tytgat et al.,

2016]. Mannose and fucose residues were identified and are likely associated with the

SpaC subunits [Tripathi et al., 2013,Tytgat et al., 2016]. Mechanically speaking, LGG
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I.1.2. Lactic acid bacteria

pili are helical-shaped (spring-like) and measure about 1.0 ± 0.3 µm for a diameter of

5 ± 1 nm, with a persistence length of 0.4 nm [Tripathi et al., 2013]. They are mostly

concentrated at the tips of a given bacterium and each bacterium features between 10

and 50 pili [Tripathi et al., 2013].

Mucus-binding monopolypeptides Mucus-binding proteins (MUBs) are cell-surface

proteins containing a typical signal peptide and a LPxTG anchoring motif in the C-

terminal end for high energy attachment to the bacterial cell wall. They are charac-

terised by the presence of multiple Mub repeats [Juge, 2012] and play an important role

in bacterial adhesion to mucins under shear flow conditions [Le et al., 2013]. One of

the best studied examples of MUBs is from Lactobacillus reuteri, which contains two

types of amino-acids repeats called Mub1 and Mub2 [MacKenzie et al., 2009,Roos and

Jonsson, 2002]. MUBs binding to mucus components is pH-dependent, with maximum

binding at pH 4-5 [Juge, 2012]. Rencently, the first 3D-structure of a type 2 Mub re-

peat (Mub-R5) from L. reuteri ATCC 53608 was analyzed and revealed a previously

undetected immunoglobulin-binding activity common to the repeat structural unit of

MUBs [MacKenzie et al., 2009]. In a biocomputing study screening several bacterial

genome database gathering information on more than 260 strains, only nine LAB species

were identified to contain at least one MUB domain, and complete MUB domains were

found exclusively in LAB [Boekhorst et al., 2006]. The phylogenetic distribution of the

Pfam-MucBP domain is much broader than the one of MUB proteins as [Juge, 2012].

For example amongst 25 L. reuteri strains, only one featured a predicted MUB protein,

whereas all strains exhibited MucBP domains [Mackenzie et al., 2010]. Pfam-MucBP

domains are also found in the internalin family of leucin-rich repeat-containing surface

proteins from Listeria monocytogenes [Bierne et al., 2007]. However, despite the multiple

copies of MucBP homologs predicted by genome analysis, only a few have been function-

ally characterised [Juge, 2012]. Strains on which at least partial MucBP characterisation

was performed include Lactobacillus plantarum (WCFS1, Lp9, 299 v, Lp6), Lactococ-

cus lactis subsp. cremoris IBB477 [Radziwill-Bienkowska et al., 2016], and LGG [Juge,

2012,Von Ossowski et al., 2011]. Further research is needed to precise the role and mech-
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Chapter I.1. Bacterial adhesion and lactic acid bacteria

anisms of action of these predicted proteins in vivo. The mucus-binding factor (MBF)

is a mucus-specific adhesin predicted from LGG which primary structure and domain

organization has been identified and presents several MucBP repeats, but was suggested

to be different from the MUB-containing proteins found in other lactobacilli [Von Os-

sowski et al., 2011]. They are not easily visible on the surface of LGG as they are hidden

within the EPS layer of the wild type strain and do participate to adhesive phenomena,

although to a less extent than SpaCBA pili [Juge, 2012,Von Ossowski et al., 2011].

The S-layer Mucus-binding proteins may or may not be included in supramolecular

structures such as the S-layer, which may also contain other proteins potentially involved

in adhesion phenomena. S-layers are planar, monomolecular-thick crystalline lattices

produced by the self-assembly of proteinaceous subunits on the surface of both Gram-

positive and Gram-negative bacteria [Sleytr and Beveridge, 1999]. Some gram-positive

and Gram-negative bacteria can produce two super-imposed S-layers. Because they are

ubiquitous, S-layers may have very diverse functions depending on both the organism and

environmental conditions. They have, for example, been suggested to act as molecular

sieves and as molecule or ion traps in cell adhesion or surface recognition, and are known

to mediate cell adhesion for some pathogens such as Clostridium difficile and Bacillus

cereus [Sleytr and Beveridge, 1999].

I.1.2.2.2 Cell wall-associated polysaccharides

Cell wall-associated polysaccharides may be either anchored to the cell membrane as O-

antigen lipopolysaccharides (LPS), linked to the cell wall through high-energy bonding

as capsular polysaccharides (CPS), or released in the environment as exopolysaccha-

rides (EPS) which can however readsorb onto the bacterial surface. EPS biosynthesis is

common amongst lactic acid bacteria and present similarities between some species of

streptococci, lactobacilli, and lactococci [Jolly and Stingele, 2001] although eps loci may

vary a lot between LAB species. EPS may protect the cell from desiccation and other

environmental stresses, and facilitate adherence of bacteria to solid surfaces [Badel et al.,

2011, Jolly and Stingele, 2001,Dimitrov et al., 2014]. They have also been increasingly
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Mannose-rich
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Galactose-rich
exopolysaccharides

galactofuranose

rhamnosegalactopyranose
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n

Figure I.1.6: Exopolysaccharides (EPS) present at the surface of Lactobacillus rhamnosus
GG (LGG) and structure of galactose-rich EPS; adapted from Guerin et al., 2017 [Guerin,
2017].

used in the past fifteen years in food industry for their thickening and health-related

properties [Badel et al., 2011,Bajpai et al., 2015,Lebeer et al., 2009,Ruas-Madiedo et al.,

2002,Welman and Maddox, 2003]. On the model strain LGG, two main types of EPS

have been identified: galactose-rich and mannose-rich EPS [Francius et al., 2009], such

as represented on Figure I.1.6. Galactose-rich EPS are the ones that are both the longest

and the most present on LGG and constitute a dense, homogeneous layer [Guerin, 2017].

Mannose-rich EPS are shorter and have been less studied. Both have been identified to

play a role in reducing adhesion of the LGG "wild type" (WT) strain compared to mu-

tant strains EPS-depleted [Guerin et al., 2016,Guerin et al., 2018a,Lebeer et al., 2009].

Indeed, the mutant impaired in EPS synthesis showed increased mucin adherence and

biofilm capacity [Lebeer et al., 2009]. Enhanced adherence of this mutant onto milk

components was also later demonstrated [Guerin et al., 2016,Guerin et al., 2018a]. The

thickness of the galactose-rich EPS layer has also been identified to increase with decreas-

ing pH, which can impact the adhesive abilities of other adhesive components embedded

within this layer such as pili [Burgain et al., 2015].
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I.1.2.2.3 Teichoic acids

Teichoic acids and in particular LTA are known to mediate microorganism-associated

molecular pattern (MAMP)-pattern recognition receptor (PRR) interactions, such as

adhesive interactions [Granato et al., 2010,Grangette et al., 2005, Lebeer et al., 2010].

Lipoteichoic acids were shown to be involved notably in adhesion of Lactobacillus john-

sonii La1 to Caco-2 cells [Granato et al., 1999]. They are anionic, cell surface glycopoly-

mers containing phosphodiester-linked polyol repeat units [Brown et al., 2013]. The

structure, biosynthesis, and biological roles of WTA and LTA in Gram-positive bacteria

have been previously described in comprehensive reviews [Brown et al., 2013,Schneewind

and Missiakas, 2014a,Reichmann and Gründling, 2011,Weidenmaier and Peschel, 2008].

LTA are widely present in LAB and are found in enterococci, lactobacilli, lactococci,

leuconostoc, and streptococci [Fischer, 1994].

I.1.3 Adhesive interactions with food components

I.1.3.1 Generalities

In addition to be able to adhere to the host, LAB have been shown to be able to adhere

to food components, especially to meat [Firstenberg-Eden, 1981,Piette and Idziak, 1989],

some cereals [Chumphon et al., 2016], and more recently to dairy components [Burgain

et al., 2014a,Gomand et al., 2019b,Gomand et al., 2018,Guerin et al., 2016]. Some of

these interactions have been shown to be mediated by pili, in particular when in relation

to β-lactoglobulin [Guerin et al., 2016]. Several reviews have highlighted the need of

further research on the important role played by these interactions on preserving probiotic

action and achieving efficient probiotic delivery [Hickey et al., 2015b,Mortazavian et al.,

2012,Ranadheera et al., 2010,Sanders and Marco, 2010].

Encapsulating probiotic bacteria using components to which they feature adhesive

affinities may indeed result in a higher resistance to gastric digestion [Burgain et al.,

2013a,Burgain et al., 2014b,Guerin et al., 2017a], thus improving probiotic protection.

However, bacterial adhesion to food components was also suggested to be able to compete
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with bacterial adhesion to the host in a study involving TC7 Caco-2 cell lines, Lacto-

bacillus rhamnosus GG, and milk fat globule membrane [Guerin et al., 2018b] as well

as in a review mentioning the anti-adhesive power of various food components regarding

bacterial adhesion to different kinds of epithelial cell lines [Sun and Wu, 2017]. Therefore

food components such as milk fat globule membrane [Douëllou et al., 2017,Guerin et al.,

2018a], milk proteins [Halpin et al., 2008], and milk oligosaccharides [Lane et al., 2012]

may play an anti-adhesive role by decreasing bacterial adhesion to the intestine [Guerin

et al., 2018b]. Some food additives including stabilizers (such as sucrose fatty acid esters)

and colors (gardenia yellow, monascus pigment, etc.), as well as some phenolic compounds

and plant-derived polysaccharides and peptides have also been found to feature similar

effects [Islam et al., 2014,Signoretto et al., 2012,Sun and Wu, 2017].

In food matrices, adhesive interactions are also likely to play an important part in bac-

terial spatial distribution and viability during the structuration of the food matrix [Go-

mand et al., 2019a,Guerin et al., 2017b,Laloy et al., 1996], as well as on food texture and

flavor [Laloy et al., 1996,Lopez et al., 2006,Tarazanova et al., 2018a]. Indeed, adhesive

interactions between genetically engineered Lactococcus lactis producing pili and dairy

components result in texture alteration in fermented milk [Tarazanova et al., 2018a] and

can modulate this strain distribution in cheese curd [Tarazanova et al., 2018b]. Similarly,

during curdling and cheese ripening, bacterial cells mostly co-localize with fat globules

or at the casein-fat interface, which suggest adhesive interactions between fat and LAB

strains [Laloy et al., 1996, Lopez et al., 2006] which may favor fat degradation [Hickey

et al., 2015a]. This is likely to play a role in lipolysis thus affecting the development

of characteristic flavors and textures during ripening [Laloy et al., 1996, Lopez et al.,

2006] but also to help with bacteria survival [Gomes et al., 1998, Jeanson et al., 2011].

For example, dairy matrices have been found to be able to better preserve bacterial vi-

ability during food structuration compared to non-dairy matrices [Mortazavian et al.,

2012,Sanders and Marco, 2010].

The structure of the main dairy components to which LGG has been shown to adhere,

as well as the nature of bacterial-food interactions, will be detailed in the next subsections.
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I.1.3.2 Dairy components: structure and properties

I.1.3.2.1 Proteins

The protein composition of skimmed cow milk is represented in Table I.1.2. Main protein

elements will be detailed in following sections.

Concentration
in milk (g/L)

Molecular
mass (kDa)

C
as
ei
n
s Casein αs1 12-15 22.1-23.7

Casein αs2 3-4 25.2-25.4
Casein β 9-11 23.9-24.1
Casein κ 2-4 19.0
TOTAL 26-34 N/A

W
h
ey

P
ro
te
in
s β-lactoglobulin 2-4 18.3

α-lactalbumin 1-1.5 14.2
bovine serum albumin (BSA) 0.1-0.4 66.3
Immunoglobulins (Ig) 0.6-1.0 146.0-1,030.0
Lactoferrine (Lf) 0.1 80.0
TOTAL 3.8-7 N/A

Table I.1.2: Protein composition of skimmed cow milk; N/A means "non applicable";
adapted from Fox and MacSweeney [McSweeney and O’Mahony, 2016], from Livney
[Livney, 2010].

Caseins Caseins constitute the main protein fraction of milk and include α-caseins (αs1

and αs2), β-caseins, and κ-caseins (Table I.1.2). Native caseins are organized in spherical

superstructures called micelles and are able to precipitate at pH = 4.6 [McSweeney and

O’Mahony, 2016]. The mean casein micelles diameter is 150 nm. The exact structure of

casein micelles has been subjected to countless controversies and is still not established.

Numerous models have been proposed and refined over the years [Bouchoux et al., 2010,

Dalgleish, 2011,De Kruif et al., 2012,Holt, 1992,Horne, 1998,McMahon and Oommen,

2008,Schmidt, 1982,Walstra, 1990] as presented in Figure I.1.7. At first, organization in

submicelles was hypothesized [Schmidt, 1982,Walstra, 1990], where submicelles would be

connected to one another thanks to colloidal calcium phosphate bonds. Core submicelles

would be composed of α- and β-submicelles and submicelles at the boundaries would be

composed of α- and κ-caseins. (Fig. I.1.7a,b). Later models include micelles were caseins
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(a) (b)

(c) (d)

(e) (f )

(g) (h)

Figure I.1.7: Evolution of casein micelles models from 1982 to 2012; models are succes-
sively proposed by : (a) [Schmidt, 1982]; (b) [Walstra, 1990]; (c) [Holt, 1992]; (d) [Horne,
1998]; (e) [McMahon and Oommen, 2008]; (f) [Bouchoux et al., 2010]; (g) [Dalgleish,
2011]; (h) [De Kruif et al., 2012]. Adapted from Guerin et al. [Guerin, 2017].
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Chapter I.1. Bacterial adhesion and lactic acid bacteria

(a) (b) (c)

Figure I.1.8: Structure of the main whey proteins: (a) bovine β-lactoglobulin (RCSB
PDB code 1BEB) [Brownlow et al., 1997]; (b) bovine α-lactalbumin (RCSB PDB code
1ALC) [Pike et al., 1996]; (c) bovine serum albumin (BSA; RCSB PDB code 3V03)
[Majorek et al., 2012].

chains are fully unfolded and hydrated [Holt, 1992], with calcium phosphate nanoclusters

(Fig. I.1.7c), porous structures where calcium phosphate nanoclusters interact with

one another through hydrophobic interactions [Horne, 1998] (Fig. I.1.7d), and sponge

structures with high protein regions and voids [Bouchoux et al., 2010, McMahon and

Oommen, 2008] (Fig. I.1.7e,f). The latest models [Dalgleish, 2011, De Kruif et al.,

2012] consist in core micelles constituted of water-filled canals, stabilized by interactions

between β-caseins and hydrophobic nanoclusters (Fig. I.1.7g,h). Despite controversies,

it has been established that micelles surface is mainly constituted of κ-caseins which

feature a hydrophilic C-terminal end, negatively charged, and which allows for steric and

electrostatic stability of casein micelles in fresh milk.

Whey proteins Whey proteins (WP), also called soluble proteins, represent 20 % of

total milk proteins i.e. 5 to 6 g/L of milk. WP include β-lactoglobulin, α-lactalbumin,

bovine serum albumin (BSA), immunoglobulins (Ig), and lactoferrine (Lf) as presented

in Table I.1.2. All these proteins are soluble at the casein isoelectric point (pH = 4.6).

β-lactoglobulin is the main whey protein (Table I.1.2). It is constituted of 162 amino-

acids residues and weighs 18.3 kDa with an isoelectric point of 5.2 [Tavares et al., 2014].

Its secondary structure includes eight antiparallel β sheets which form a hydrophobic

pocket called calyx (allowing β-lactoglobulin to act as a molecule carrier) and three α
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helices [Brownlow et al., 1997,Monaco et al., 1987], such as represented in Figure I.1.8a,

as well as two disulfide bonds and three free thiols groups [Livney, 2010]. This protein is

able to bind various hydrophilic and hydrophobic molecules such as retinol, cholesterol,

fatty acids, D3 vitamin, mucin, and lactose [Domínguez-Ramírez et al., 2013,Kontopidis

et al., 2002,Kontopidis et al., 2004]. Milk at native pH (6.7) usually features dimers of

β-lactoglobulin.

α-lactalbumin is the second main whey protein (Table I.1.2). This small metallopro-

tein is constituted of 123 amino-acids residues and weighs 14.2 kDa with a isoelectric

point between 4.3 and 4.7 [Tavares et al., 2014]. Its structure includes four disulfide

bonds [Edwards et al., 2008] and is very close to the lysozyme’s (Figure I.1.8b).

Bovine serum albumin (BSA) represents less than 5 % of whey proteins. It is a larger

protein constituted of 582 amino-acids residues which weighs 66.3 kDa with an isoelectric

point of 5.0 [Tavares et al., 2014]. BSA features numerous disulfide bonds (17 total) and

one free thiol group [Edwards et al., 2008]. Its structure is represented in Figure I.1.8c.

Whey Protein Isolate (WPI) is a commercial powder with a high protein content

obtained from the lactoserum phase of cheese manufacturing during the curd gelation

process. It contains all proteins mentioned above. It is usually manufactured by either ion

exchange chromatography or microfiltration, followed by spray-drying [Smithers et al.,

1996]. Main process parameters impacting WPI structure are extrusion/spray-drying

temperature, moisture content, and pH [De Souza Lima et al., 2018,Gao et al., 2019,Qi

and Onwulata, 2011b,Qi and Onwulata, 2011a].

I.1.3.2.2 Milk fat globule membrane

Native milk fat globules are constituted of a triglycerides-rich core stabilized by three

phospholipid layers constituting the milk fat globule membrane (MFGM), represented in

Figure I.1.9. The MFGM is constituted of phospholipids, sphingolipids, and membrane-

specific proteins (mostly glycoproteins). MFGM composition depends on the cow’s

age, milk quality, milking stage, season, but also on the chosen method for extrac-

tion and purification [Evers, 2004]. The lipid fraction is essentially constituted of polar

lipids (26-40%) such as phospholipids [Fong et al., 2007]. Polar lipids are minor am-
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Figure I.1.9: Native milk fat globule membrane composition; adapted from Guerin et
al. [Guerin, 2017].

phiphilic components constituted of a hydrophobic tail combined with a hydrophilic head

group. Major polar lipids found in mammal species are phosphatidylethanolamine (PE),

phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylinositol (PI), lysophos-

phatidylcholine (LPC), and sphingomyelin (SM) [Dewettinck et al., 2008, Fong et al.,

2007,Guerin et al., 2017b]. The protein fraction stand for 25 to 70% of the MFGM [Elias-

Argote et al., 2013,Riccio, 2004]. Main MFGM proteins include the mucin MUC1, the

redox enzyme xhantine deshydrogenase/oxidase (XDH/XO), butyrophilin (BTN), clus-

ter of differentiation (CD36), periodic acid schiff 6/7 (PAS 6/7), periodic acid schiff III

(PAS III), adipophilin (ADPH), and fatty-acid binding proteins (FABP), all of which are

glycosylated except the latter two [Dewettinck et al., 2008,Guerin et al., 2017b,Mather,

2000,Le et al., 2009]. The MFGM can be isolated from raw milk, buttermilk, butterserum,

or lactoserum [Holzmüller and Kulozik, 2016, Le et al., 2009, Sachdeva and Buchheim,

1997]. In laboratory MFGM extraction involves (i) fat globules separation, (ii) cream

washing, (iii) MFGM release from fat globules, and (iv) MFGM collection [Dewettinck

et al., 2008,Guerin et al., 2017b]. Up to 70% of the peripheral MFGM membrane proteins

can be collected [Holzmüller and Kulozik, 2016,Holzmüller et al., 2016]. Coagulation and

microfiltration may also impact phospholipids collection [Sachdeva and Buchheim, 1997].
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I.2

Food matrix impact on bacterial

viability and functionality

I.2.1 Context and evaluation methods

I.2.1.1 Generalities

Food matrix structure and composition, as well as food manufacturing, storage,

and digestion conditions, play an important role in enhancing or lowering the adhesive

abilities, viability, and health effects of LAB strains [Ranadheera et al., 2010, Sanders

et al., 2014]. Several reviews have recently pointed out the need for further research on

the comparative impact of different food matrices on LAB viability and functionality

[Ranadheera et al., 2010, Sanders et al., 2014, Sanders and Marco, 2010]. This review

aims to meet this need by performing a meta-comparison of all studies that compare

the efficiency of different food matrices in sustaining LAB viability in order to draw

conclusions regarding food structure and composition (Tables I.2.1, I.2.2, and I.2.3).

The food matrix impact on LAB delivery can be studied at three main times: during

food manufacturing, food storage, and digestion (Figure I.2.1). For clarity, each of these

aspects is detailed separately in this review.

In addition to LAB, bacteria studied within this article also include bifidobacteria,
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Figure I.2.1: Food matrix impact on lactic acid bacteria protection, carrying and deliv-
ery through food manufacturing (incorporation method, bacterial state, drying, grinding,
rehydration, heating/freezing), food storage (food structure, pH, oxygen content, water
activity, nutrient contents and ratios) and digestion (food structure, pH, buffering ca-
pacity, nutrient contents and ratios). A distinction is made between dairy and nondairy
foods.

which have common metabolism and structural characteristics with LAB [Cronin et al.,

2011,Khalid and others, 2011]. Although the distinction between LAB and bifidobacteria

has been acknowledged [Sonomoto and Yokota, 2011], some authors still use a broader

definition of LAB that includes bifidobacteria. This confusion is common and accepted

when dealing with probiotic strains [Hickey et al., 2015b]. Other food bacteria, such as

Propionibacterium, that present an interest for human health may also be included in

the present study.

I.2.1.2 Methods to evaluate lactic acid bacteria viability

The ability of LAB to survive in a given matrix (i.e., their viability) varies with many

conditions, including the strain(s) considered, the delivery matrix, manufacturing steps,

and storage conditions. The three most critical steps impacting the delivery of viable and

functional LAB to the host are food matrix manufacturing, storage, and digestion [Cham-

pagne et al., 2005,Mortazavian et al., 2012]. Although not part of the scope of this review
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I.2.1. Context and evaluation methods

because of its occurrence prior to the introduction of bacteria in food products, bacteria

stabilization also plays an important role in preserving the viability and functionality of

LAB and must be considered carefully before engaging in the food design process [Cham-

pagne et al., 2005,Mortazavian et al., 2012]. In most cases, LAB viability is assessed

through bacterial enumeration. Samples are collected from the media at different times

and are inoculated on specific growth media; colony counts are then performed. This ap-

proach can be completed by other techniques, such as confocal laser scanning microscopy

associated with rapid epifluorescence staining, which allows metabolically active bacteria

to be set apart from bacteria featuring a damaged membrane [Boulos et al., 1999]. This

method uses two nucleic acid-binding stains: SYTO 9, which penetrates all bacterial

membranes and stains cells in green, and propidium iodide, which only penetrates cells

with damaged membranes; the combination of the two stains produces redfluorescing

cells [Boulos et al., 1999]. This method is mostly used for qualitative purposes.

Bacterial enumeration can also be performed on feces when monitoring the impact of

the delivery format on probiotic viability through fecal recovery after digestion [Sanders

et al., 2014]; the higher the recovered fecal quantity of LAB, the more bacteria have

survived and possibly multiplied in the GIT.The impact of digestion is mostly analyzed

in vitro; animal and clinical tests are only performed when looking for a specific health

effect [Isolauri et al., 1991]. In vitro digestion assays include the use of saliva, gastric,

and/or intestinal juices; the gastric step is the most commonly simulated, using a range

of pH from 2 to 4. Some studies feature dynamic GIT models [Bove et al., 2013,Klindt-

Toldam et al., 2016], but these models remain rarely used for LAB foods. Recently, a

standard static digestion procedure has been internationally accepted [Minekus et al.,

2014], although later reviews request more standardization [Singh et al., 2015].

I.2.1.3 Methods to evaluate lactic acid bacteria functionality

Bacterial functionality, although crucial to probiotic action, is less often assessed than

bacterial viability because a lot more complex. Clinical studies can provide a general,

comprehensive assessment of both LAB viability and functionality as but only as indirect
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causes of resulting health effects, as presented in this review, and are extremely long and

costly procedures.

Biophysical methods are traditionally used to evaluate the adhesive properties of bac-

teria, such as atomic force microscopy (AFM) and single-cell force spectroscopy [Beaus-

sart et al., 2013,Burgain et al., 2013b,Burgain et al., 2014b,Deutsch et al., 2012,Guerin

et al., 2016, Sullan et al., 2013,Tripathi et al., 2012,Tripathi et al., 2013], and cell cul-

tures [Deutsch et al., 2012,Dimitrov et al., 2014,Lee et al., 2000,Servin and Coconnier,

2003]. These methods have been designed to evaluate the behavior of a few strains of

interest in a restricted range of conditions corresponding to their future use.

Other approaches to study bacterial adhesion to biopolymers include bacterial ra-

diolabeling [Douillard et al., 2013, Kankainen et al., 2009], fluorescent or Fluorescein

Isothiocyanate (FITC) labeling [Avadhanula et al., 2006, Shimaoka et al., 2001], and

spectrophotometric assays on 96-well microtiter plates [Patton et al., 2006, Rosendale

et al., 2008].

A recent high-throughput method was recently developed for testing interactions

between a wide range of food proteins and a few pathogen strains involving microarray

platform development [Utratna et al., 2017]. However this method is not applicable to

screen a large number of strains as it involves fluorescent staining, which would be tedious

work as it has to be done individually on each tested strain [Utratna et al., 2017].

Most of these methods are time-consuming and therefore cannot be applied to screen

a large number of strains as they have not been intended for this purpose. They can be

difficult to implement and require many steps. High-throughput methods are therefore

needed to estimate quickly bacterial adhesion preferences for components of interest for

a wide range of strains. To our best knowledge, no study was published that would

describe a high-throughput screening method specifically designed to study bacteria-

molecule adhesion amongst all possible interactions. Perspectives will be provided to

guide future research in this direction (Section I.2.6), that led to the development of the

high-throughput screening method described in Chapter IV.1.1.
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I.2.2 Impact of food manufacturing processes

LAB can be grown in either the food matrix or an intermediary industrial medium

from which they are harvested [Makinen et al., 2012]. They are then added to food

products as frozen, dried, encapsulated dried, or liquid cultures. Many studies have been

published on drying and encapsulation techniques [Burgain et al., 2011,D’Orazio et al.,

2015,Guergoletto et al., 2012,Haffner et al., 2016, Iaconelli et al., 2015,Makinen et al.,

2012,Meng et al., 2008,Muller et al., 2010]. The comparative efficiency of these methods

is not discussed here. Instead, we focus on the methods used to incorporate LAB into

foods as well as the influence of the bacterial state (i.e., dried, frozen, etc.). The impact

of food manufacturing steps, such as drying and grinding, on viability is also detailed.

Comparative studies mentioned in this paragraph appear in Table I.2.1.
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I.2.2.1 Impact of the method used to incorporate probiotics in foods

Food
Category

Food
Structure

Compared
Food

Products
Strains Critical

step
Effects on

strain viability1 Reference

Dairy Solid, Liq-
uid

Acidified milk,
Yogurt: liquid,
low fat
versus set,
full fat

Bifidobact-
erium bifidum,
Lactobacillus
acidophilus,
Lactobacillus
delbrueckii
subsp.
bulgaricus

Incorporation
method

Direct Inoculation >
Indirect

Vinderola
et al.,
2000a

Solid

Ice cream:
full versus
low fat, full
versus low
sugar, full
versus low
oxygen

Lactobacillus
johnsonii,
Lactobacillus
rhamnosus

Incorporation
method, freez-
ing step

Low fat/sugar contents
increase the detrimen-
tal effect of freezing

Alamprese
et al., 2002,
2005

B. bifidum, Bi-
fidobacterium
longum, L.
acidophilus,
Lactobacillus
casei

Freezing step

Freezing and oxygen
incorporated dur-
ing manufacturing
decrease viability

Homayouni,
2008

Nondairy Powder

Fruits
(strawberry,
pomegranate,
blackcurrant,
cranberry):
dried versus
rehydrated

Lactobacillus
plantarum

Rehydration
step

Strawberry >
blackcurrant >
pomegranate >
cranberry; high water
activity and low pH
decrease viability upon
reconstitution

Nualkaekul
et al. 2012

Solid, Liq-
uid

Pineapple–
grape versus
mandarin
juice, Apple
impregnated
with mandarin
juice (dried,
rehydrated)

L. acidophilus,
Lactobacillus
salivarius
subsp.
salivarius

Incorporation
method,
drying/
rehydration
steps

Viability loss was
minimal during
impregnation with
mandarin juice and
rehydration

Betoret et
al., 2012

1A > B means that A is more efficient than B.
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Liquid
Oils (flaxseed,
canola,
extra-virgin,
olive pomace)

L. rhamnosus Bacterial state,
heating step

Freeze-dried >
cultured cells

Endo et al.,
2014

Dairy
versus
Nondairy

Solid

Apple
impregnated
with milk
versus with
apple juice
(sole, dried,
rehydrated)

L. rhamnosus

Incorporation
method,
drying/
rehydration
steps

Milk > apple juice as
impregnation media
and during
rehydration

Betoret et
al., 2003

Powder

Fruits (apple,
strawberry,
banana)
with/without
skim milk
powder

L. plantarum

Incorporation
method, dry-
ing/grinding
steps

Milk > buffer against
mechanical stress;
strawberry and
banana > apple
during drying and
grinding; separate
drying of fruit and
LAB > drying of fruits
infused with LAB

Borges et
al., 2016a

Solid, liq-
uid, emul-
sion, mix

Sandwich
(including
tomato and
ham), sushi,
burger, oil,
tamarin
vinaigrette,
mayonnaise,
fruit versus ice
cream–based
smoothie,
butter

Bifidobact-
erium animalis
subsp. lactis,
L. acidophilus

Bacterial state,
heating step

Freeze-dried > frozen
cells (higher inocula);
high matrix
temperatures during
manufacturing kill
LAB

Rodgers,
2007

Table I.2.1: Food matrix impact on lactic acid bacteria (LAB) viability during food
manufacturing.

LAB can be incorporated into foods using various techniques such as dry-mixing

[Makinen et al., 2012], direct inoculation in beverages and mixes [Alamprese et al., 2002,

Alamprese et al., 2005, Céspedes et al., 2013, Champagne and Gardner, 2008, Lupien-

Meilleur et al., 2016], and immersion and vacuum impregnation [Alegre et al., 2011,

Betoret et al., 2003,Betoret et al., 2012,Rößle et al., 2010,Russo et al., 2014,Russo et al.,

2015]. The compared efficiency of these different methods is described in Table I.2.1.

Direct inoculation is found to be more effective than indirect inoculation [Vinderola
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et al., 2000a]. Borges et al. (2016a) show that a higher LAB survival is achieved by

separately drying fruits and LAB before mixing them together. Two studies described

the impregnation medium impact [Betoret et al., 2003,Borges et al., 2016a] but led to

contradictory results and therefore cannot be conclusive. Betoret et al. (2003) found

that whole milk is a more effective medium than fruit juices, whereas Borges et al.

(2016a) assessed no viability difference when comparing skim milk to a buffer. Important

properties of the impregnation medium include its pH and viscosity, which latter should

allow diffusion of the medium inside the pores or in intercellular spaces during rehydration

[Martinez-Monzo et al., 1998].

I.2.2.2 Impact of the bacterial state

Rodgers (2007) showed that freeze-dried cells resulted in higher initial viable popu-

lations upon inoculation in a variety of different foods compared to frozen cells [Rodgers,

2007]. Freeze-dried cells of Lactobacillus rhamnosus GG also showed better survival

than cultured cells in oils during storage [Endo et al., 2014]. According to Iaconelli

et al. (2015), freeze-drying also gives the best results for cultivability, residual enzy-

matic activity, and cell integrity compared to spray-drying (second-best technique) and

air-drying [Iaconelli et al., 2015]. Freeze-drying seems therefore the best option for in-

corporating LAB into foods.

I.2.2.3 Impact of food manufacturing steps

Food manufacturing processes and steps are very diverse. In this section, we discuss

the impact of general manufacturing steps such as drying, grinding, rehydration, heating,

and freezing on the efficiency of final food products as LAB carriers. These findings may

easily translate into specific manufacturing steps, food products, and LAB strains.

I.2.2.3.1 Drying

Techniques such as spray-drying can be used in the process of producing milk pow-

ders and fruit juices,which can incorporate probiotics. The main parameter impacting

probiotic viability during spray-drying is the outlet air temperature [Barbosa and Teix-
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eira, 2017, Kim and Bhowmik, 1990]. Atomization pressures were also found to have

an impact [Barbosa and Teixeira, 2017]. The shear rate to which probiotics are exposed

during atomization is arguably a parameter decreasing viability [Riveros et al., 2009,San-

tivarangkna et al., 2008], but a recent study [Ghandi et al., 2012] showed that the survival

of Lactococcus lactis subsp. cremoris was greatly diminished by an increased shear rate.

This study also demonstrates that damage caused by oxygen exposure resulted in higher

cell inactivation compared to thermal and dehydration stresses. The drying medium has

also been shown to have an impact on probiotic preservation. Skim milk is probably

the most common carrier, and its protective effect has been demonstrated for various

species [Ananta et al., 2005,Barbosa et al., 2015,Paéz et al., 2012,Teixeira et al., 1995].

A medium with a high solid content requires more time under high temperatures to dry

out, which results in a decrease of probiotic survival [Santivarangkna et al., 2007]. A

negative impact of the drying step on probiotic viability was reported by two studies fea-

turing an apple matrix [Betoret et al., 2003,Borges et al., 2016a], which is likely due to

low pH values and the presence of organic acids. No impact was reported for strawberries

and bananas [Borges et al., 2016a].

I.2.2.3.2 Grinding

Borges et al. (2016a) report the impact of grinding on the viability of Lactobacillus

plantarum during the manufacturing of fruit powders [Borges et al., 2016a]. Fresh fruits

were impregnated with L. plantarum using either skim milk or a buffer, then subsequently

dried and ground. Survival was best for milk-impregnated fruits and much higher for

strawberry and banana than for apples. This confirms that apple is a poor carrier

compared to other fruits and shows that skim milk protects bacteria against mechanical

stress. This might be explained by the capacity of skim milk to stabilize cell membranes,

thereby preventing cellular injury [Meng et al., 2008].

I.2.2.3.3 Rehydration

Rehydration has been shown to affect LAB viability for dried apple matrices. This is espe-

cially true for apples impregnated with apple juice compared to whole milk–impregnated
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apples [Betoret et al., 2003]. However, apples impregnated with mandarin juice con-

taining Lactobacillus salivarius subsp. salivarius are little affected by the rehydration

step [Betoret et al., 2012]. These two studies suggest that the rehydration impact is

strain-dependent and related to the impregnation medium used. Nualkaekul et al. (2012)

studied the rehydration impact on various fruit powders containing L. plantarum. The

highest viability decrease was observed with the cranberry matrix and the best sur-

vival was observed with the strawberry matrix. Pomegranate and blackcurrant feature

a slightly worse survival rate than does strawberry, but viability loss remained low for

both. The main physicochemical factors of the food matrix that negatively impact cell

survival upon reconstitution of fruit juice powders were low pH and high water activity

(aw), the latter fostering the migration of acids and other bactericidal compounds toward

probiotics upon rehydration [Nualkaekul et al., 2012].

I.2.2.3.4 Heating/freezing

Extreme temperatures during food manufacturing can cause lethal stress to probiotics

[Cruz et al., 2009,Endo et al., 2014,Homayouni, 2008,Santivarangkna et al., 2008]. Food

processes that include a heating step above 65 ◦C are highly detrimental to probiotics.

Even short exposure times up to 1 min can be destructive depending on the species;

Rodgers (2007) pointed out that no viable population was detected after inoculation

in melted cheese (70–80 ◦C) for Lactobacillus acidophilus and Bifidobacterium animalis

subsp. lactis [Rodgers, 2007], and cold temperatures are also known to reduce the mem-

brane fluidity and enzymatic activity and to increase sensitivity toward sodium chloride,

which may cause membrane damage [Corcoran et al., 2008]. Alamprese et al. (2002,

2005) reported that lower amounts of sugar or fat in ice cream led to higher viability

losses right after freezing. This can mean that sugar and fat help protect LAB cells

against external stresses such as temperature changes and ice crystal formation. Fur-

thermore, when the fat:sugar ratio does not get below one-third but both fat and sugar

contents are reduced, no significant decrease in viability is observed [Alamprese et al.,

2002, Alamprese et al., 2005]. This leads to the assumption that there is an optimum

fat:sugar ratio in ice cream formulation that allows maximum protection for LAB cells.
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I.2.3 Impact of food storage

Viability can be assessed easily during storage,which is also more flexible than most

manufacturing steps. These two reasons explain that storage time and conditions have

been extensively studied and that storage viability has been assessed on a wide range

of dairy and nondairy foods [Cruz et al., 2009,Karimi et al., 2011,Martins et al., 2013,

Pasqualin Cavalheiro et al., 2015, Ranadheera et al., 2010, Shori, 2015, Vijaya Kumar

et al., 2015,Yeo et al., 2011]. Food matrices are compared during storage on the basis of

their structure, composition, and physicochemical parameters (Table I.2.2). A distinction

is made between dairy and nondairy foods.
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Food
Category

Food
Structure

Compared
Food

Products
Strains Critical

factor
Effects on

strain viability2 Reference

Dairy Solid
Peanut butter:
full versus low
fat

Mix 1:
Bifidobacterium
bifidum,
Bifidobacterium
lactis,
Lactobacillus
acidophilus
Mix 2: B. bifidum,
Bifidobacterium
breve, B. lactis,
Bifidobacterium
longum, L.
acidophilus,
Lactobacillus
brevis,
Lactobacillus
bulgaricus,
Lactobacillus
casei, Lactobacillus
gasseri,
Lactobacillus
lactis,
Lactobacillus
paracasei,
Lactobacillus
plantarum,
Lactobacillus
rhamnosus,
Lactobacillus
salivarius,
Streptococcus
thermophilus
Mix 3: B. bifidum,
B. longum, L.
acidophilus, L.
bulgaricus, L.
plantarum, L.
rhamnosus, L.
salivarius, S.
thermophilus
Alone: L.
rhamnosus

Oxygen
content,
nutrient
contents and
ratios

Mix 1 > mix 2 > mix
3 across 1 year; fat con-
tent impacts negatively
LAB survival only at
high storage tempera-
tures; refrigerated ma-
trices with high initial
inocula presented bet-
ter viability

Klu et al.,
2012, 2014

Solid

Ice cream: full
versus low fat,
full versus low
sugar, full
versus low
oxygen

Lactobacillus
johnsonii,
Lactobacillus
rhamnosus

Nutrient
contents and
ratios

No significant viability
losses during storage

Alamprese
et al., 2002,
2005

2A > B means that A is more efficient than B.
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B. bifidum, B.
longum, L.
acidophilus, L.
casei

Oxygen con-
tent, nutrient
contents and
ratios

Oxygen scavengers
(L-cysteine) increase
L. casei and B.
bifidum survival; L.
casei survives best;
sugar content does not
influence viability

Homayouni,
2008

Cheese: full
fat, low fat,
and fat-free

Mix: Lactococcus
lactis subsp.
cremoris, L. lactis
subsp. lactis
Alone: L. lactis
subsp. cremoris

Nutrient con-
tents and
ratios

Full fat > 50 %-
reduced fat > fat-free
before pressing; fat
content directly influ-
ences LAB retention
and growth in the fresh
curd

Laloy et al.,
1996

Ice cream
versus yogurt
(various
fat/sugar
ratios)

L. rhamnosus
Nutrient con-
tents and
ratios

Fat and sugar contents
and ratios do not
influence cell survival
during storage; no
difference between
matrices

Deepika et
al., 2011

Cheese versus
yoghurt

L. casei Food structure No significant
difference between
matrices

Sharp et
al., 2008

Yogurt versus
yogurt with
fruits

Bifidobacterium
animalis subsp.
lactis, L. aci-
dophilus

Food pH,
oxygen
content,
nutrient
contents and
ratios

Fruit addition in
yogurt lowers pH and
decreases LAB
survival; increased
oxygen content due to
stirring decreases
viability

Kailasapathy
et al., 2008

Solid,
liquid

Acidified milk
Yogurt: liquid,
low fat versus
set, full fat

B. bifidum, L.
acidophilus,
Lactobacillus
delbrueckii subsp.
bulgaricus

Nutrient con-
tents and
ratios

Inconclusive on yogurt
versus milk
Liquid, low-fat > set,
full-fat yogurt,
especially for B.
bifidum

Vinderola
et al.,
2000a

Nondairy Liquid
Fruit juices (or-
ange, pineap-
ple, cranberry)

B. animalis subsp.
lactis, L. casei, L.
paracasei, L.
rhamnosus

Food structure,
food pH

Orange juice > Pineap-
ple > Cranberry

Sheehan et
al., 2007
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Cereal-based,
yogurt-like
beverages
(rice, rice and
soy, rice and
barley, rice and
emmer, rice
and oat)

L. plantarum (mix
of two strains) Food structure

Rice and barley = rice
and emmer > rice and
oat > rice; they also
have the highest viscos-
ity and water-holding
capacity

Coda et al.,
2012

Cereal extracts
(barley, wheat,
malt)

L. plantarum Nutrient
contents and
ratios

Malt > wheat >
barley; highest cereal
content = highest
survival

Charalampopoulos
and
Pandiella,
2010

L. acidophilus,
Lactobacillus
fermentum, L.
plantarum, L.
reuteri

Nutrient
contents and
ratios

Malt > barley =
wheat; L. plantarum
and L. fermentum
grow the best; L. aci-
dophilus grow poorly
on cereals

Charalampopoulos
et al., 2002

Cereals
extracts
(barley, malt,
barley and
malt)

L. plantarum and
L. acidophilus
alone and in a mix

Nutrient
contents and
ratios

Malt = malt–barley
mix > barley; no differ-
ence between strains

Rathore et
al., 2012

Solid,
liquid

Pineapple–grape
versus
mandarin
juice, apple
impregnated
with mandarin
juice (dried,
rehydrated)

L. acidophilus, L.
salivarius subsp.
salivarius

Water activity Mandarin >
pineapple–grape for
incubation

Betoret et
al., 2012

Apple juice
versus
chocolate-
coated
cereals

L. rhamnosus
Food structure,
food pH, water
activity

Chocolate-coated cere-
als > apple juice; most
important loss at the
beginning of storage

Saarela et
al., 2006b

Powder

Fruits (apple,
strawberry,
banana)
with/without
skim milk
powder

L. plantarum Food structure,
food pH

Banana and straw-
berry > apple; the
fiber content of ba-
nanas could have
a positive impact;
minimal loss during
storage compared to
manufacturing

Borges et
al., 2016a
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Fruits
(strawberry,
pomegranate,
blackcurrant,
cranberry)
dried versus
rehydrated

L. plantarum
Food structure,
food pH, water
activity

Blackcurrant was the
best carrier and cran-
berry the worst; water
activity < 0.25 results
in very low losses

Nualkaekul
et al., 2012

Dairy
versus
nondairy

Solid Dark versus
milk chocolate

B. animalis subsp.
lactis, L.
acidophilus

Nutrient
contents and
ratios, dairy
versus
nondairy foods

No viability difference
between matrices or
strains

Klindt-
Toldam et
al., 2016

B. lactis, L.
acidophilus

Dairy versus
nondairy foods

No viability difference
between matrices; B.
lactis better than L.
acidophilus

Lalicic-
Petronijevic
et al., 2015

Milk-based
versus water-
based pudding

Mix: B. animalis
subsp. lactis, L.
acidophilus
Alone: B. animalis
subsp. lactis, L.
acidophilus, L.
rhamnosus

Food pH, dairy
versus
nondairy foods

Milk-based > water-
based for all strains;
L. rhamnosus is the
only strain to remain
viable in water-based
pudding; B. animalis
and L. acidophilus bet-
ter when mixed

Helland et
al., 2004

Rice (Oryza
sativa; nine
different
cultivars)

Lactobacillus
amylovorus Food structure

Adhesion to food ma-
trix during storage is
higher in sticky rice
(Luem Pua); riceberry
and black jasmine
also give good results;
amylopectin embeds
LAB (mucous coat-
ing); rough surface can
retain better LAB

Chumphon
et al., 2016

Solid,
Emul-
sion

Cheese (fresh,
semihard,
hard), ice
cream,
chocolate
(milk, dark),
organic jam,
chocolate
mousse, salami
(Ciauscolo/
Italian, Swiss)

Mix: L. paracasei,
L. rhamnosus

Food
structure,
Food pH, dairy
versus
nondairy foods

All carriers remain
viable except jam;
ice cream is the best
carrier on the long-
term; on short term,
Ciauscolo and choco-
late mousse are good
carriers; cheese is a
good carrier for half its
life

Coman et
al., 2012

Solid,
Liquid

Artichoke,
olives, skim
milk

L. paracasei, L.
plantarum

Food structure

Both strains survived
over 3 months; no sig-
nificant reduction after
30 days

Valerio et
al., 2006
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Solid,
Liquid,
Emul-
sion,
Mix

Sandwich,
sushi, burger,
oil, tamarin
vinaigrette,
mayonnaise,
fruit-based
versus ice
cream–based
smoothie,
butter

B. animalis subsp.
lactis, L.
acidophilus

Food
structure, food
pH, oxygen
content, dairy
versus
nondairy foods

Sandwich and sushi
are good carriers; lipid
oxidation if high tem-
peratures (oil, butter);
low-pH products have
a poor viability (vinai-
grette, mayonnaise);
viability properties are
strain-specific

Rodgers,
2007

Purée,
Liquid

Milk-based,
vanilla-flavored
drink versus
fruit
purées/juices

B. animalis subsp.
lactis

Food
structure, food
pH, dairy
versus
nondairy foods

Apple-based products
were less reliable carri-
ers due to their lower
pH

Vinderola
et al., 2012

Liquid Skim milk ver-
sus fruit juices

B. animalis subsp.
lactis

Food
structure, food
pH, water
activity, dairy
versus
nondairy foods

Skim milk > fruit
juices

Saarela et
al., 2006a

Milk and drink-
ing yogurt ver-
sus soy milk,
orange juice

B. animalis, B. an-
imalis subsp. lac-
tis

Food pH, dairy
versus
nondairy foods

Milk = soy milk >
yogurt for one strain
> orange juice (all
strains)

Charnchai
et al., 2016

Table I.2.2: Food matrix impact on lactic acid bacteria (LAB) viability during food
storage.

I.2.3.1 Food structure

The physical structure, i.e., solid, gel, emulsion, or liquid, of food plays a role during

storage in protecting LAB cells from an unfavorable environment. This has especially

been highlighted for cheese matrices [Castro et al., 2015,Karimi et al., 2011]; additional

observations of cheese microstructure during ripening showed that some bacteria adhere

to the matrix, which helps with their protection [Gobbetti et al., 1998, Hickey et al.,

2015b]. Solid and gel matrices have been found to physically and chemically bind with

detrimental factors such as hydrogen ions and organic acids, therefore reducing the ex-

posure of bacteria to these factors [Karimi et al., 2011,Mohammadi and Mortazavian,
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2011,Mortazavian et al., 2012,Ranadheera et al., 2010]. Furthermore, the complexation of

hydrogen ions by the matrix decreases the amount of undissociated organic acids to which

the bacterial membrane is permeable [Russell and Diez-Gonzalez, 1997], thus resulting

in the reduction of subsequent bactericidal effect [Mortazavian et al., 2012]. However, to

our knowledge, no study has been published that compares LAB viability during storage

of two food matrices that differ by their physical structure but are identical in composi-

tion. Compared food matrices are often different commercialized food products and more

rarely food models. More attention is also often given to food composition versus food

structure because changes to the latter are more difficult to implement within a given

manufacturing process and more likely to impact the consumer’s acceptance. Therefore,

it is difficult to ascertain how much of the protection during storage provided by a dense

matrix is due, for example, to its density regardless of other physicochemical factors.

However, several studies comparing foods with different structures point out that

differences in LAB viability during storage are mostly due to differences in physicochem-

ical composition or storage conditions [Coman et al., 2012,Rodgers, 2007,Saarela et al.,

2006b,Vinderola et al., 2012], meaning that food structure has not been found to be a

dominant factor compared to other characteristics of the food matrix, such as pH. Solid

and liquid food matrices are compared throughout storage for their efficacy to preserve

LAB viability (Table I.2.2). Storage induces minimal viability losses in fruit powders

compared to other fruit media such as fruit juices [Borges et al., 2016a,Nualkaekul et al.,

2012,Saarela et al., 2006a,Sheehan et al., 2007]. Coman et al. (2012) showed that some

solid or gel products such as ice cream and Ciauscolo salami are better or equally good

LAB carriers compared to emulsions such as chocolate mousse [Coman et al., 2012]. This

could be attributed to structural differences, as LAB are more likely to be retained in

gels than in more aerated matrices. Sharp et al. (2008) did not find out any signifi-

cant difference between semi-hard cheese and yogurt during storage [Sharp et al., 2008].

Rice and barley and rice and emmer mixes feature the highest LAB survival during stor-

age [Coda et al., 2012] and also exhibit the highest viscosity and water holding capacity;

one could then argue that the beverage density plays a role in protecting LAB during
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storage. Valerio et al. (2006) showed that two strains survived over several months on ar-

tichokes preserved in brine without presenting any significant viability loss [Valerio et al.,

2006]. The roughness of the vegetable structure was hypothesized to have contributed

to protecting bacteria from the acidic environment. Borges et al. (2016a) suggested

that the banana structure and its fiber content might contribute to its efficiency as a

carrier [Borges et al., 2016a]. The high amylopectin content of some Thai rice cultivars

was found to foster LAB preservation during storage [Chumphon et al., 2016]. LAB

adhesion to these cultivars was observed using scanning electron microscopy (SEM) and

was revealed to foster Lactobacillus amylovorus embedded within the mucous membrane

of glutinous Luem Pua, therefore better protecting it from the action of external detri-

mental factors [Chumphon et al., 2016].

I.2.3.2 Food composition

Differences in food matrix efficacy in sustaining good LAB viability during storage can

often be at least partly explained by the food matrix composition. Food composition is

the combined result of three main underlying factors: nutrient contents, nutrient ratios,

and physicochemical parameters such as food pH, aw, and O2 content. Cooperative and

competitive interactions between probiotic LAB and starter cultures may also enhance

or reduce probiotic LAB survival and growth [Boylston et al., 2004,Champagne et al.,

2005,Yeo et al., 2011] but are not discussed in this review; the authors refer the public

to other reviews for more details on these topics [Ford et al., 2014,Pandey et al., 2015,

Sieuwerts et al., 2008,Tufarelli and Laudadio, 2016].

I.2.3.2.1 pH

Low pH has been pointed out as one of the main factors affecting probiotic growth

and survival during storage [Borges et al., 2016a, Charnchai et al., 2016, Coman et al.,

2012,Helland et al., 2004,Kailasapathy et al., 2008,Mortazavian et al., 2012,Nualkaekul

et al., 2012,Rodgers, 2007,Saarela et al., 2006a,Saarela et al., 2006b,Sheehan et al., 2007,

Vinderola et al., 2012]. A very low pH value increases the concentration of undissociated
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organic acids in fermented products, therefore enhancing the bactericidal effect of these

acids [Mortazavian et al., 2012, Tripathi and Giri, 2014]. Vegetable- and fruit-based

beverages with low pH are very challenging probiotic carriers. Low pH tolerance is strain-

specific; globally, optimum pH ranges from 5.5 to 6 for L. acidophilus and from 6 to 7

for bifidobacteria [De Vuyst, 2000]. Lactobacilli are capable of growing and surviving

in fermented products with pH ranges between 3.7 and 4.3 [Tripathi and Giri, 2014],

whereas survival of bifidobacteria decreases below pH 4.6 to 5 or above 8.0 [Boylston

et al., 2004,Lourens-Hattingh and Viljoen, 2001,Tripathi and Giri, 2014] and growth is

inhibited below 4.0 [Karimi et al., 2011].

I.2.3.2.2 Oxygen content

Most LAB can grow under aerobic conditions but the impact of oxygen can range from

insignificant to harmful depending on the species [Pedersen et al., 2012]. Lactobacilli are

usually more oxygen tolerant than bifidobacteria. Oxygen can affect LAB in three ways

[Mortazavian et al., 2012]: (a) It is directly toxic to anaerobic cells such as bifidobacteria;

(b) in the presence of oxygen, certain cultures produce peroxides that are toxic to other

species (this is especially true in dairy products); and (c) free radicals produced from

the oxidation of components (e.g., fats) called reactive oxygen species (ROS) are toxic

to LAB. Food matrices with high fat contents can increase oxidation rates therefore

decreasing LAB survival [Klu et al., 2012,Rodgers, 2007]. The negative impact of oxygen

has been reported by two comparative studies [Homayouni, 2008, Kailasapathy et al.,

2008]. The oxygen incorporated into yogurt during stirring was assumed to contribute to

the viability loss of B. animalis subsp. lactis [Kailasapathy et al., 2008]. Furthermore, the

addition of oxygen scavengers such as L-cysteine and of reducing agents has been shown

to successfully increase LAB survival in ice cream [Homayouni, 2008]. Some vitamins,

such as vitamins C and E, that are naturally present within certain food products have

been reported to help with oxygen scavenging [Bagchi et al., 1997]. Other matrices,

e.g., cheese, proved to offer good protection against oxygen thanks to their density and

structure [Karimi et al., 2011]. It has also been shown that some bacteria, such as

Lactococcus lactis, are able to respire oxygen when heme is added, thus helping detoxify
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the medium and increase LAB growth [Lechardeur et al., 2012, Sonomoto and Yokota,

2011]. The presence of heme in foods (e.g., naturally present in some meat products)

would then allow reducing oxygen concentration.

I.2.3.2.3 Water activity

Food matrices such as dry fermented meat that have a very low aw are not favorable to

LAB growth or survival during incubation and therefore reduce the initial quantity of

LAB present before storage [Yeo et al., 2011]. However, foods with high aw are unstable,

as they favor overall microorganism growth, including unwanted microorganisms [Betoret

et al., 2012]. A high moisture content after inoculation can therefore be detrimental

to LAB viability during subsequent storage [Tripathi and Giri, 2014]. Aw is not too

commonly referenced as a critical parameter [Nualkaekul et al., 2012, Saarela et al.,

2006a, Saarela et al., 2006b].This can be due to the fact that the impact of some other

parameters on LAB (e.g., pH) overcomes the aw impact.

I.2.3.2.4 Nutrient contents and ratios

Charalampopoulos and Pandiella (2010) demonstrated that in cereal-based beverages,

higher cereal content led to higher survival rates during storage [Charalampopoulos and

Pandiella, 2010], whereas fruit addition to stirred yogurts decreased L. acidophilus sur-

vival because it lowers the pH [Kailasapathy et al., 2008]. This shows that when the

added substrate changes the food physicochemical composition unfavorably, LAB viabil-

ity can decrease as a result. The influence of the fat:sugar ratio as well as the fat and

sugar content has been studied within several dairy products for their assumed protective

capabilities [Alamprese et al., 2002,Alamprese et al., 2005,Deepika et al., 2011,Homay-

ouni, 2008,Klu et al., 2012,Klu et al., 2014, Laloy et al., 1996,Vinderola et al., 2000a].

Indirectly, the protective effect of fat content was also studied within chocolate [Klindt-

Toldam et al., 2016]. From a global point of view, these studies suggest that fat and

sugar do not significantly impact LAB viability in ice cream, peanut butter, or yogurt

during storage. A study performed by Vinderola et al. (2000a) is the only one showing

that LAB strains can better survive in liquid, reduced-fat yogurt than in set, full-fat
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yogurt [Vinderola et al., 2000a]. In cheese, however, fat content was found to be a de-

termining factor for the retention and therefore survival of LAB starters during ripening

under normal conditions [Laloy et al., 1996]. Bacteria were found to be located at the

interface of the milk-fat globule membrane and milk proteins, thus confirming the ad-

hesion phenomenon occurring between LAB and fat [Guerin et al., 2017b, Laloy et al.,

1996, Lopez et al., 2006]. The high fat content, associated with the anaerobic environ-

ment and buffering capacity of the cheese matrix, helps protect LAB during storage [Lee

and Salminen, 2009]. In beverages containing malt, barley, and wheat, malt has been

found to be the most effective medium, which promotes LAB growth and protection.

This is likely due to the high content of fermentable and reducing sugars as well as

of free nitrogenous compounds [Charalampopoulos et al., 2002, Charalampopoulos and

Pandiella, 2010,Rathore et al., 2012]. The most important factor influencing cell survival

in cereal-based beverages seems to be the amount of residual sugars [Charalampopoulos

and Pandiella, 2010].

I.2.3.2.5 Additives

Sweeteners, salts, aroma compounds, flavoring, coloring agents, and preservatives can

affect both LAB growth and viability [Vinderola et al., 2002]. High salt levels have

been found to cause high losses during ripening [Gomes et al., 1995,Gomes et al., 1998].

Disaccharides can be used for LAB protection [Önneby et al., 2013]. Sorbitol prevents

cell damage during storage by interacting with membrane components and prevents lipid

oxidation thanks to its antioxidant properties [Carvalho et al., 2004]. It was also found to

stabilize protein functionality and structure in Lactobacillus delbrueckii subsp. bulgaricus

[Yoo and Lee, 1993].

I.2.3.2.6 Dairy versus nondairy foods

Dairy products are traditionally considered very good delivery vehicles for probiotic LAB.

The importance of adhesive interactions occurring between LAB and dairy food compo-

nents and their impact on resulting health effects have been previously highlighted [Bur-

gain et al., 2014a]. However, a growing interest in the development of nondairy probiotic
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products must be acknowledged. Main underlying reasons are the rising vegan trend,

lactose intolerance, and other factors such as the unfavorable cholesterol content of some

dairy products [Ranadheera et al., 2010,Shori, 2015,Yeo et al., 2011].

No LAB viability difference was reported between dark and milk chocolate [Klindt-

Toldam et al., 2016,Laličić-Petronijević et al., 2015] nor between a milk-based drink and

several fruit purées [Vinderola et al., 2012]. Rodgers (2007) and Coman et al. (2012)

compared the efficiency during storage of a variety of products as LAB carriers including

fruit-based and ice cream–based smoothies, butter, cheese, ice cream, milk chocolate,

and nondairy products [Rodgers, 2007, Coman et al., 2012]. The efficiency of dairy

versus nondairy foods as LAB carriers might not be revealed for very short incuba-

tion times [Rodgers, 2007]. When food products are inoculated directly upon delivery,

smoothies and butter were indeed found to be poor carriers, whereas other products

such as sandwiches and sushi showed a better viability:shelf-life ratio [Rodgers, 2007].

Ice cream, fermented meat, and chocolate mousse were the best carriers for a given pro-

biotic mix, although all food matrices remained viable except the organic jam. Buscion

(fresh Swiss cheese), Caciotta, and Pecorino cheeses (seasoned Italian cheeses) count

among carriers with the highest viability loss [Coman et al., 2012]. Skim milk [Saarela

et al., 2006a] and dairy beverages [Charnchai et al., 2016] more efficiently carried B.

animalis subsp. lactis through storage than fruit juices. L. acidophilus, L. rhamnosus,

and B. animalis subsp. lactis showed better growth and survival in milk-based versus

water-based pudding [Helland et al., 2004]. Proposed reasons for the efficiency of dairy

products include the presence of proteins or protein derivatives, such as whey protein

concentrate, acid casein hydrolysate, and tryptone, which have been found to promote

probiotic growth and survival by reducing the food redox potential and increasing its

buffering capacity, thus maintaining a near-neutral pH [Dave and Shah, 1998,Mortaza-

vian et al., 2010]. Probiotics proliferate well in dairy-based media because of the lactose-

hydrolyzing enzyme and proteolytic system involved in casein utilization, which provides

cells with carbon and essential amino acids [Yeo et al., 2011]. Casein and whey protein

hydrolysates enhance growth and thus increase the acidification rate of Streptococcus
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thermophilus. The increased acidity reduces the growth rate of some LAB, e.g., L. aci-

dophilus and L. rhamnosus, during manufacturing; however, dairy protein hydrolysates

improve survival of LAB during storage [Lucas et al., 2004]. Within dairy foods, the kind

and amount of carbohydrates available, degree of protein hydrolysis and thus of avail-

able amino acids, and composition and degree of lipid hydrolysis are important factors

controlling the efficiency of matrices as LAB carriers [Heller, 2001].

For all these reasons, dairy foods have excellent potential as probiotic carriers. How-

ever, this potential may or may not be expressed depending on other conditions, such

as a low pH or the presence of antimicrobial compounds resulting from the addition

of fruits [Vinderola et al., 2002, Yeo et al., 2011]. Furthermore, other media such as

chocolate [Gadhiya et al., 2016, Klindt-Toldam et al., 2016, Laličić-Petronijević et al.,

2015, Possemiers et al., 2010] and fermented meat [De Vuyst, 2000, Khan et al., 2011,

Pasqualin Cavalheiro et al., 2015] have also been found to be very promising probiotic

carriers. Because very little research has focused on comparing these media with dairy

foods, no assumption can be made regarding which medium is a more efficient probiotic

carrier.

I.2.4 Impact of food digestion

The main factors that have been acknowledged to influence the viability of probiotic

LAB in food during their passage through the GIT are (a) the food matrix, (b) the low

pH in the stomach, which is the most impactful digestion step, (c) bile salts and gastro-

enzymes in the small intestine, (d) lysozyme in saliva, and (e) colonic environment [Bove

et al., 2013,Mortazavian et al., 2012]. Here, we focus only on the food matrix impact

on LAB effective gastrointestinal delivery (Table I.2.3). Food structure and composition

influences are detailed separately for more clarity.
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Food
Category

Food
Structure

Compared
Food

Products
Strains Critical

factor
Effects on

strain viability3 Reference

Dairy Solid

Ice cream
versus yogurt
(various
fat/sugar
ratios)

Lactobacillus
rhamnosus

Food pH,
nutrient
contents and
ratios, dairy
versus
nondairy foods

Yogurt > ice cream
for adhesion to Caco-2
cells; this is attributed
to changes in the bac-
teria surface conforma-
tion that may have
occurred during stor-
age; fat/sugar con-
tents/ratios do not im-
pact

Deepika et
al., 2011

Ice cream
versus yogurt
(plain versus
stirred fruits)

Bifidobacterium
animalis
subsp. lactis,
Lactobacillus
acidophilus,
Propionibac-
terium jensenii

Food
structure,
buffering
capacity,
nutrient
contents and
ratios, dairy
versus
nondairy foods

Yogurt > ice cream for
L. acidophilus versus
ice cream > yogurt for
P. jensenii and B. an-
imalis; ice cream > yo-
gurt for acid and bile
tolerance of all strains
but fruit yogurt > ice
cream and plain yogurt
for adhesion

Ranadheera
et al., 2012

Cheese versus
yogurt

Mix: B.
animalis
subsp. lactis,
L. rhamnosus,
Propionibac-
terium
freudenreichii

Food
structure,
buffering
capacity, dairy
versus
nondairy foods

Yogurt > cheese for P.
freudenreichii/B. ani-
malis (fecal quantities,
recovery time); no ma-
trix effect for lacto-
bacilli

Saxelin et
al., 2010

Lactobacillus
casei

Food
structure, food
pH, buffering
capacity, dairy
versus
nondairy foods

Cheese > yogurt Sharp et
al., 2008

Liquid Fermented
milk versus
whey beverage

L. rhamnosus Nutrient
contents and
ratios

Whey-based beverage
> fermented milk
(counts and longer
period)

Goldin et
al., 1992

Solid,
Liquid

Cheese versus
milk
(fermented/
unfermented)

L. rhamnosus Food structure
Cheese > unfermented
milk > fermented milk
(feces recovery)

Saxelin et
al., 2003

3A > B means that A is more efficient than B.
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Dairy
versus
nondairy

Solid Dark versus
milk chocolate

B. animalis
subsp. lactis,
L. acidophilus

Dairy versus
nondairy foods

No significant differ-
ence between matrices

Klindt-
Toldam et
al., 2016

Solid,
Liquid

Pasta
(ordinary,
β-glucan
enriched)
versus skim
milk

Lactobacillus
plantarum

Food structure,
dairy versus
nondairy foods

Skim milk = β-glucan
pasta > pasta; carbo-
hydrate polymers may
physically protect LAB
in enriched pasta

Bove et al.,
2013

Artichoke,
olives, skim
milk

Lactobacillus
paracasei, L.
plantarum

Food structure,
buffering capacity,
nutrient contents and
ratios, dairy versus
nondairy foods

Valerio et
al., 2006

Purée,
Liquid

Milk-based,
vanilla-flavored
drink versus
fruit
purées/juices

B. animalis
subsp. lactis

Food
structure,
dairy versus
nondairy foods

Milk-based drink and
banana–carrot juice >
fruit purées > orange
juice

Vinderola
et al., 2012

Liquid Skim milk ver-
sus fruit juices B. animalis

subsp. lactis
Dairy versus
nondairy foods

Milk > fruit juice for
bile and pepsin toler-
ance

Saarela et
al., 2006a

Table I.2.3: Food matrix impact on lactic acid bacteria (LAB) viability during food
digestion.

I.2.4.1 Food structure

The physical food structure is one of the most important factors influencing the viabil-

ity of LAB within the GIT as well as its adhesion to the intestinal epithelium, but it

has been insufficiently studied [Mortazavian et al., 2012,Ranadheera et al., 2012,Saxelin

et al., 2010]. However, more studies have been done on nutraceutical and nutrient de-

livery. Singh et al. (2015) reported that food structure has a significant impact on food

breakdown and release of nutrients, and McClements (2015) presents guidelines to de-

sign structural foods to optimize nutraceutical delivery [Singh et al., 2015,McClements,
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2015]. The impact of the physical structure of dairy products on the digestion rate has

also been studied [Barbé et al., 2013,Guo et al., 2016,Ye et al., 2016]. The food disin-

tegration rate in the stomach depends on food rheology and is lower for hard or tough

foods. Changes in the food structure caused by processing such as boiling, roasting, and

frying impact the digestion rate; the network strength of gel matrices is also involved

in the release or separation of food components and nutrients [Barbé et al., 2013, Singh

et al., 2015]. In cheese, caseins were found to build stronger and denser networks than

did whey [Guerin et al., 2017a] and high cohesiveness and elasticity were associated with

slower degradation [Lamothe et al., 2012]. Porous structure and weak milk-based gels

disintegrate quickly during the gastric step and are inefficient LAB carriers, whereas

strong gels and dense matrices (with elastic component G’ ranging from 200 to 300 Pa

and viscous component G" ranging from 50 to 100 Pa) prevent the total disintegration

of the matrix, thus preventing bacteria delivery; an optimum texture can therefore be

determined [Guerin et al., 2017a]. Gastric emptying is influenced mainly by the disinte-

gration rate and the particle size of the bolus entering the stomach [Singh et al., 2015].

Articles comparing the efficiency of different food matrices with different structures on

LAB delivery are presented in Table I.2.3. The cheese matrix was shown to protect LAB

during their passage through the GIT [Corbo et al., 2001,Gardiner et al., 1998,Vinderola

et al., 2000b]. Sharp et al. (2008) showed that low-fat cheese improved Lactobacillus

casei survival when exposed to lethal acid challenge compared to yogurt [Sharp et al.,

2008]. The same study also showed that the fecal recovery of L. casei was higher when

originating from the cheese versus yogurt matrix. This suggests that the cheese matrix

impact goes beyond its shielding and entrapment of LAB, which would have limited

bacteria release within the intestine, therefore reducing the counts in feces compared to

yogurt. Beta-glucan may physically shield bacteria due to its high intrinsic viscosity, as

L. plantarum showed enhanced resistance to orogastric stress in β-glucan-enriched versus

normal pasta [Bove et al., 2013,Ruas-Madiedo et al., 2002, Stack et al., 2010]. Several

studies suggest that the rough structures of some matrices can help with LAB survival

through digestion [Lavermicocca et al., 2005, Lavermicocca, 2006, Valerio et al., 2006].
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Vinderola et al. (2012) showed that various fruit purées improved GIT survival of B.

animalis subsp. lactis compared to orange juice when all media had similar pH and

featured similar nutrients [Vinderola et al., 2012]. However, its survival was five times

higher in banana-carrot juice versus several fruit purées for which pH and buffering ca-

pacity were presumably lower [Vinderola et al., 2012]. This shows that physicochemical

differences between food matrices are likely to govern LAB survival during digestion over

differences in the physical food structure.

These studies confirm that food structure does play a role in LAB delivery and that

denser, more viscous or complex matrices better protect LAB during digestion but also

tend to limit their release. However, the relative importance of food structure compared

to other food matrix parameters such as composition still remains to be determined,

and data comparing food matrix based on structural differences remain scarce. Further

research needs to focus on the impact of food structure on effective LAB delivery during

digestion.

I.2.4.2 Food composition

Similar to what happens during food storage, the nutrient and physicochemical compo-

sition of food matrices also play a role during digestion in LAB survival and effective

delivery (Table I.2.3).

I.2.4.2.1 pH

Food pH has been reported to act on the bacterial surface conformation during storage

and therefore affect LAB adhesion capacity, i.e., effective delivery within the GIT. This

was argued in a study in which neutral pH in ice cream was assumed to preserve better

LAB adhesive capabilities than low pH in yogurt [Deepika et al., 2011]. Sharp et al.

(2008) also argued that the higher pH of cheese compared to yogurt can contribute to

its higher protective effect on L. casei during digestion [Sharp et al., 2008].

I.2.4.2.2 Buffering capacity

The buffering capacity of a food matrix can be defined by its ability to be acidified or

alkalinized [Ranadheera et al., 2012, Salaün et al., 2005]. Matrices with low pH have
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a low buffering effect [Valerio et al., 2006]. Dairy products have very good buffering

capacities due essentially to their protein and salt, such as phosphate, citrate, and lactate,

contents. The buffering capacities of whey proteins and caseins are maximal at pH 3–4

and pH 5–5.5, respectively. During acidification, milk features the highest buffering

capacity at pH 5 [Salaün et al., 2005]. Cheese has been argued to feature high buffering

capacities [Boylston et al., 2004, Lee and Salminen, 2009, Sharp et al., 2008], although

some studies show no difference in lactobacilli survival during digestion with othermedia

such as yogurt [Saxelin et al., 2010]. Some components such as fat are likely to improve

the food matrix buffering capacity [Mortazavian et al., 2012, Ranadheera et al., 2012].

Buffering food matrices offer good storage protection to LAB by limiting acidification.

They are, however, less favorable to LAB delivery within the GIT, as they also increase

stomach pH, thus limiting the action of gastric acids, which contribute to food breakdown

and LAB release [Ranadheera et al., 2010,Ranadheera et al., 2012]. Finally, buffering food

matrices can also lower LAB recovery and persistence in feces [Guerin et al., 2017a,Saxelin

et al., 2010].

I.2.4.2.3 Nutrient contents and ratios

Fat features good buffering capacities, which help with LAB survival throughout the

GIT [Ranadheera et al., 2012] but also tend to lower LAB strains’ adhesive capabilities

as previously reported in milk [Ouwehand et al., 2001]. However, these properties are

likely to be strain dependent and also vary with the other nutrients present within the

matrix [Deepika et al., 2011]. Some components such as whey are likely to improve LAB

fecal recovery and persistence [Goldin et al., 1992] and can protect LAB during digestion

[Madureira et al., 2005,Madureira et al., 2011]. Fermentable sugars also improve LAB

survival during digestion [Corcoran et al., 2005,Lacroix and Yildirim, 2007] and stimulate

ATP production in bacteria cells, which is required for pumping acid out the cytoplasm

and therefore protecting bacteria from the low gastric pH. Prebiotic carbohydrates, such

as inulin contained in artichokes, have also been assumed to contribute to the high LAB

recovery rate in feces [Valerio et al., 2006].
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I.2.4.2.4 Dairy versus nondairy foods

Because dairy products are conventional LAB carriers, they are often used as base-

lines in comparative studies (Table I.2.3). Matrices with close compositions and similar

structures, such as dark versus milk chocolate, do not feature significant viability differ-

ences [Klindt-Toldam et al., 2016]. However, when comparing milk to a range of media,

including pasta, artichoke, olives, fruit purées, and fruit juices [Bove et al., 2013,Saarela

et al., 2006a,Valerio et al., 2006,Vinderola et al., 2012], milk always proved to be the

most efficient medium for LAB preservation during digestion. This has been assessed

for a variety of strains including L. plantarum, Lactobacillus paracasei, and B. animalis

subsp. lactis. The presence of fermentable substrates and the occurrence of milk fat

and proteins can sustain bacterial metabolism and shield bacteria cells from drastic en-

vironmental conditions [Charteris et al., 1998,Valerio et al., 2006]. The high buffering

effect of milk contributes to increasing the acid and bile tolerance of LAB strains [Bove

et al., 2013, Saarela et al., 2006a, Vinderola et al., 2012] and calcium ions increase the

LAB binding capacity to epithelial cells [Larsen et al., 2007]. Comparing the efficiency of

individual dairy carriers in delivering LAB appears to be more difficult than comparing

the efficiency of dairy versus nondairy foods. When compared based on LAB recovery

from feces, cheese was found to increase LAB recovery compared to milk [Saxelin et al.,

2003]. Cheese was also found to increase the survival of L. casei [Sharp et al., 2008]

and decrease the survival of Propionibacterium freudenreichii and B. animalis subsp.

lactis compared to yogurt [Saxelin et al., 2010]. L. acidophilus better survives in yogurt

versus ice cream, whereas the opposite is the case for Propionibacterium jensenii and

B. animalis subsp. lactis (Ranadheera et al. 2012). In another study, L. rhamnosus

originating from a yogurt model was shown to be more adhesive to Caco-2 cells than

strains issued from an ice cream model [Deepika et al., 2011]. Overall, these studies show

that dairy matrices optimize LAB delivery compared to nondairy but that within dairy

products survival rates are highly strain dependent.
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I.2.5 Food matrix design proposal

The delivery potential of five main food matrix types, i.e., cereals, vegetables and fruits,

chocolate, meat, and dairy products, on LAB protection, carrying, and delivery has been

discussed throughout this review (Figure I.2.2). Cereal-based products feature many

positive aspects, including high viscosity, water-holding capacity, and fiber content, but

their consumer acceptability is often low. Vegetables and fruit-based products are be-

coming more and more attractive to consumers but often feature a low pH and high

organic acid content as well as oxygen and other bactericidal compounds. Chocolate and

meat products are promising carriers because of their high nutrient and fat contents,

buffering capacity, and solid or gel structure that keeps LAB entrapped and protected

during storage, although they can sometimes feature low pH and preservative agents.

Long shelf-life LAB also need to be used when designing long shelf-life food products

such as chocolate bars. Chocolate and meat matrices are becoming increasingly studied,

as they feature a good potential as LAB carriers. Lastly, dairy products remain very

good LAB carriers because of their excellent buffering capacity and high milk protein

and fat contents, even though some factors, such as a high oxygen content in ice cream,

antagonistic interactions with starters in yogurt, and pH decrease in fermented dairy

products, are susceptible to decreased LAB viability. This review has highlighted seven

essential food matrix parameters that act on LAB protection, carrying and delivery: pH,

aw, matrix buffering capacity, physical food structure, and fat, oxygen, and nutrient con-

tents. These parameters have been integrated within a hypothetical food matrix optimal

for effective LAB delivery (Figure ). A neutral or slightly acidic pH (5–6) is optimal for

LAB growth during food manufacturing and survival during storage. It also helps with

efficient LAB delivery during digestion by preserving the ability of LAB to adhere to in-

testinal cells. Aw should remain high during manufacturing but preferably lower during

storage to first foster LAB growth and then promote their protection and stability. A

high matrix buffering capacity helps with LAB protection during food manufacturing and

storage by lowering the impact of mechanical, physicochemical, and temperature-related
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Figure I.2.2: Advantages and disadvantages of five main food matrix types (dairy, cereals,
fruits and vegetables, chocolate, and meat) on lactic acid bacteria (LAB) protection,
carrying, and delivery.

stresses, including acidification. It may also increase the pH of the stomach, thus improv-

ing LAB protection during digestion. Solid and gel food structures are recommended to

improve LAB growth and stabilization during food manufacturing by taking advantage

of LAB adhesive capabilities. The entrapment of LAB into such matrices limits their

accessibility to detrimental factors during storage, which also promotes their survival.

Solids and gels also prevent LAB from being killed in harsh environments such as the

stomach when they are being embedded within the food structure. However, when the

physical structure of food is too hard (i.e., with a high elastic modulus G’ or a high

loss modulus G") or when the matrix binds very strongly with LAB, food breakdown

during digestion is restricted and LAB release within the GIT might not be optimal. A

high fat content has been shown to feature the same positive effects as a good matrix
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buffering capacity during food manufacturing and storage, especially for cheeses. The

incorporation of oxygen within the matrix should be avoided as much as possible, as it

can be toxic to LAB, preventing growth and decreasing survival during storage. A solid

physical structure can limit oxygen access during storage. Manufacturing steps such as

stirring and mixing should be monitored with great care, especially for products with

long shelf-lives such as ice cream. Highly fermentable sugars and nutrients promote LAB

growth during manufacturing and foster LAB survival during food storage and digestion.

A high fiber content can also foster LAB adhesion to the matrix, thus increasing LAB

survival during storage.

I.2.6 Lactic acid bacteria functionality and perspectives

Although this review mainly focuses on LAB viability, LAB functionality, i.e., the ability

of bacteria to interact with their host and multiply, is also essential for them to be able

to provide health benefits. Many factors can impact LAB physiology and functionality

including their level of entrapment within the food matrix and the loss or inactivation

of bacterial surface markers modulating bacterial-host interactions and adhesion, etc.

[Sanders and Marco, 2010]. Main factors related to the food matrix affecting LAB

functionality are aw of the carrier, access to nutrients, matrix pH, growth promoters

[De Vuyst, 2000], oxygen content, and storage temperature [Shori, 2016]. LAB need

to be functional during digestion to colonize the GIT and exert their health benefits

on the host. A common approach to evaluate their colonization capabilities consists of

monitoring the adhesive behavior of LAB strains to models of intestinal cells; however,

this approach needs to be completed by a viability study because dead bacteria have

also been shown to adhere to Caco-2 cells [Deepika et al., 2011,Ouwehand et al., 2001].

Clinical studies are the most reliable way to assess LAB functionality; probiotics are de

facto considered functional if resulting health effects are observed. However, assessment

methods are numerous, and clinical studies comparing different LAB food matrices are

rare, long, and hardly comparable with one another. Further research should concentrate

on how food can impact LAB functionality to determine whether LAB remains both
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Figure I.2.3: The ideal food matrix for effective lactic acid bacteria protection, carrying
and delivery: optimization of seven essential parameters (pH, aw, buffering capacity, food
structure, fat content, oxygen content, nutrient contents).
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Chapter I.2. Food matrix impact on bacterial viability and functionality

viable and functional when reaching the GIT. It is of great interest to study LAB probiotic

activity indicators such as effective adhesion to the GIT, metabolite production (e.g.,

bacteriocins), stress tolerance, and gene expression. Recent work has been performed on

the functionality of dairy propionibacteria through the use of new imaging techniques

that assess their colonizing capabilities [Daniel et al., 2006] or of new ingredients that

enhance multistress tolerance [Huang et al., 2016]. Such work could be adapted to

LAB, although these studies have not always been on food products. Studying LAB

functionality will help to develop methods to assess LAB activity a priori; such outcomes

could be combined with existing knowledge on LAB viability and prove very useful when

performing food matrix design for effective LAB delivery.
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I.3

Modeling shearing impact on

bacteria

I.3.1 Modeling shearing impact on bacterial viability, func-

tionality, and shape

I.3.1.1 Factors impacting bacterial adhesion

Bacteria-food adhesive interactions are likely to be affected by many unfavorable en-

vironmental conditions that may generate stress [Arnaud et al., 1993, Berzins et al.,

2001, Boylston et al., 2004, Champagne et al., 2005, Corcoran et al., 2008, Golowczyc

et al., 2011,Iaconelli et al., 2015,Pontefract, 1991,Sanders et al., 2014,Tripathi and Giri,

2014].

Factors likely to influence LAB adhesion are indeed numerous and include the level of

bacterial entrapment within the food matrix as well as the loss or inactivation of bacterial

surface components modulating bacterial-host interactions and adhesion [Sanders and

Marco, 2010]. Environmental stresses may damage bacterial surface molecules or in

some cases induce partial or even total removal, "shaving the bacterial surface" [Tripathi

et al., 2012,Kiekens et al., 2019], thus altering bacterial cells adhesive abilities. Bacterial

stress can occur in a wide variety of situations including common food and ferment
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Before spraying After spraying

Shear stress

Chains fragmentation

Figure I.3.1: Effect of spraying-induced shear stress on bacterial chain organization; from
Guerin et al. [Guerin et al., 2017c].

manufacturing steps. These situations include acid stress during fermentation [Ouwehand

et al., 2001], heat stress upon drying which may induce permanent structural changes

related to significant cell collapse and membrane integrity loss [Doherty et al., 2010],

preventing bacteria from colonizing the host, and shear stress occurring in spray-drying,

encapsulating, and extrusion processes [Arnaud et al., 1993,Berzins et al., 2001,Doherty

et al., 2010, Edwards et al., 1989,Ghandi et al., 2012,Guerin et al., 2017b, Joshi et al.,

1996,Kiekens et al., 2019,Lange et al., 2001,Taskila, 2017], but also during the biological

process of digestion [Aziz et al., 2019,Yang et al., 2017]. Shear stress may cause bacterial

chain fragmentation as shown in Figure I.3.1 [Guerin et al., 2017c]. Observed changes

in terms of cellular organization were not found to impact bacterial viability (evaluated

at the end of the encapsulated process), however bacterial functionality was not assessed

in this study although bacterial surface was found to be impacted in similar conditions

in a very recent study [Kiekens et al., 2019]. The following sections will focus on shear

stress and the impact of shearing steps in manufacturing processes on bacterial viability

and functionality, for bacteria alone in suspensions as well as for bacteria incorporated

in food matrices.

62

,.------­ --- --- --- ' ' \ 
1 
1 
1 

• : 
'--..4.\ 

1 
1 

) 

) ..... ~---·: 
.._,._...Jf.J 

1 
.~ ...... -l . ..-....,_. 

. ~, 1 

1 ~"-/'"--.. 
.. 

1 

1 
1 

1 

1 

1 

1 

1 ( 
1 

. 1 

\ 
..:;: 

1 

.; 1 

.to ,U. 
1 

' ' 

1 

1 

~ -- --- -~ 1 

1 

--- ___ _.J' 

1 

1 
1 

' 
lO pm 

1 

---
-~ ....... 1 

----- -""' ' 



I.3.1. Modeling shearing impact on bacterial viability, functionality, and shape

I.3.1.2 Shearing impact on bacterial viability and functionality

In the case of Gram positive bacteria, cell metabolism was found to be stimulated by

intermediate shear stress levels in the case of Lactobacillus delbrueckii subsp. bulagri-

cus as evidenced by increased biomass concentration [Arnaud et al., 1993], but higher

shear forces could weaken bacterial cells [Toma et al., 1991, Arnaud et al., 1993] and

even cause inhibition of microbial growth and productivity, which phenomenon is called

turbohypobiosis [Toma et al., 1991]. It can therefore be concluded that shearing is likely

to markedly affect bacterial viability.

In terms of functionality, bacterial surface proteins mediating adhesion, such as pili,

are also likely to be affected by shear stress. Indeed, the role of pili is to maintain adhe-

sion to surfaces, and their action to optimize surface colonization in stressful conditions

has previously been investigated [Persat et al., 2015, Björnham and Axner, 2009] al-

though mostly for Gram-negative bacteria responsible of infections. Cell adhesion forces

range from a few to hundreds of picoNewtons, which is sufficient to maintain adhesion

in many flow environments. In some rare cases, bacterial strains are able to withstand

as high as 1 MPa both in terms of functionality and survival shear stresses [Persat et al.,

2015]. Pathogenic strains featuring type I and type IV-pili (thin, helix-shaped protein fil-

aments allowing bacteria to interact with and colonize a broad array of chemically diverse

surfaces) were even found to feature shear stress-enhanced adhesive properties [Weaver

et al., 2011,Pappelbaum Karin I. et al., 2013,Lecuyer et al., 2011], thus contributing to

biofilm formation in low shear stress conditions [Persat et al., 2015]. Shear sensitivity

of bacterial cells was also found to depend on the composition of their growing medium,

which may sometimes favor enzyme production under increased agitation [Joshi et al.,

1996]. In some cases, time variations in applied stresses were found to have a higher im-

pact on bacterial cell integrity than the stress magnitude [Foster et al., 1962,Brookman,

1975,Engler and Robinson, 1981b,Engler and Robinson, 1981a].

Only two studies describe the impact of shearing on the adhesive abilities of lactic

acid bacteria [Kiekens et al., 2019,Golowczyc et al., 2011]. Lactobacillus kefir 8321 and

Lactobacillus plantarum 83114 were found to be still able to adhere to intestinal cells
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after spray-drying for atomizing air pressures of 3 bars whereas the strain Lactobacillus

kefir 8348 showed a significant loss of adhesion capacity [Golowczyc et al., 2011]. In

the case of Lactobacillus rhamnosus GG, high shear rates were shown to completely

shear off pili and significantly affect adhesion ability to Caco-2 cells [Kiekens et al.,

2019]. These two studies are first steps in the direction of a better understanding on

how food and ferment manufacturing steps may affect bacterial functionality. However,

they do not allow distinguishing between mechanical stress (generated by shearing), heat

stress (generated by drying), and osmotic stress (experienced during rehydration), all of

which that could have different impact on pili expressed by probiotic bacteria or on their

adhesive functionality, both being crucial to bacterial probiotic action.

I.3.1.3 Shearing impact on bacterial shape

Environmental stresses such as heat and shear stresses, occurring during powder formu-

lation and LAB encapsulation by spray-drying and extrusion were also shown to induce

changes in bacterial shape and organization, such as bacterial chain breakage or frag-

mentation [Doherty et al., 2010,Guerin et al., 2017b,Kiekens et al., 2019] which in some

cases was associated with increased colony forming [Guerin et al., 2017b,Kiekens et al.,

2019].

Very little is known about why some bacteria may organize preferentially in chains

versus filaments or isolated cells, and whether bacterial chain breakage may be beneficial

or detrimental to their survival and functionality in stressful environments. The excellent

review by Young et al. proposes possible rationales to explain why bacteria may be of

a certain shape or organize in a certain way in given environments [Young, 2006]. This

review deals with bacterial shape, and more generally, bacterial organization, in relation

to the evolutionary process and their survival value. Different shapes and organizations

in different settings were found to enhance nutrient access, motion from one place to

another, and escaping predators [Young, 2006,Young, 2007].

Some strains were found to be more likely to grow in chains in high shear force-

environments where they would form biofilms, which would increase the number of con-
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tacts intertwining with surface elements to resist detachment [Edwards et al., 1989].

Chaining may also provide selective advantage against predation in grazing environments

(i.e. predation by "peeling" or "shaving" a surface, like what do cleaner fish) [Güde,

1979,Hahn and Höfle, 1999, Jürgens and Matz, 2002, Posch et al., 1999, Shikano et al.,

1990], and in environments where chaining is helpful, some bacteria such as Lactococ-

cus lactis were found to produce lysins dismantling bacterial chains of their competi-

tors [Mercier et al., 2000, Young, 2006]. Other forms of bacterial organization, such

as bacterial filamentation, caused by blocking of bacterial division and elongation of

the initial bacterial cell, can also be triggered by environmental conditions or antibi-

otic treatment and may provide competitive advantages for colonization of biopassive

surfaces [Möller et al., 2013]. Under shear stress, some bacteria have indeed been ob-

served to increase in size and featured increased stretching of cell walls, partly due to

osmoregulation phenomena which are impacted by a shear-induced increased calcium ion

transfer [Berzins et al., 2001,Joshi et al., 1996].

However, most of these perspectives are provided in relation to bacterial survival in

tough environments (where survival is difficult), and not in relation to bacterial function-

ality. Only one study suggests that bacterial organization and bacterial functionality may

be correlated in the case of Lactobacillus acidophilus, as the gene identified to be respon-

sible of cell-division and cell elongation, cdpA, was found to control bacterial adhesion

abilities as well [Altermann et al., 2004]. This study does not link with environmental

stresses such as shear stress though.

Further research should therefore concentrate on the impact of distinct stresses on

bacterial functionality and its relationship to bacterial shape, and aim to draw general

trends at the level of bacterial groups such as the LAB group. In this sense, modeling

may be a promising approach allowing generalizing trends observed on isolated strains.

Shearing impact on bacteria could also be compared for bacterial suspensions and bacteria

integrated in a food matrix, in order to evaluate the potential protective effect of the

matrix on bacterial integrity.
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I.3.1.4 Modeling lactic acid bacteria chains in a shear flow

Lactic Acid Bacteria often grow in chains, which can be modeled by bodies connected to

one another by springs with various bending and stretching stiffnesses, that be adapted

to stand for different chain rigidity values. In this sense, modeled chains of bacteria can

be considered as long entities constituted of smaller building blocks which we will call

"dumbbells".

The dumbbell is a toy model arising in all branches of mechanics which features in

the development of more complex theories like continuum models of viscoelastic fluids,

such as polymer suspensions [Barrett and Süli, 2009,Barrett and Süli, 2018,Bird et al.,

1987,Bonito et al., 2006,Degond et al., 2010,E et al., 2004, Isihara, 1951,Luo and Yin,

2017,Masmoudi, 2008,Sato et al., 2017,Schieber, 1991,Stadler et al., 2011,van den Brule,

1990], liquid crystals [Adams and Corbett, 2018,Maffettone and Marrucci, 1992,Uneyama

et al., 2014], and active gels and suspensions including bacterial suspensions [Córdoba

et al., 2014, Ishikawa, 2019,Furukawa et al., 2014].

As such it has seen extensive consideration, particularly in linear flows and Brownian

fluctuations [Sharma and Cherayil, 2011,Zhang and Zhou, 1998,Hernández Cifre et al.,

2003,Chiba et al., 1999b,Chiba et al., 1999a,Kobayashi and Yamamoto, 2010,Takamura

et al., 1981], alongside with the case of internal viscosity dumbbells [Kailasham et al.,

2018, Schieber, 1993]. The elasticity considered in past works has mostly focused on

dumbbell stretching as mostly aiming for far-field approximations, especially with the

development of the finite extensible nonlinear elastic dumbbell model (FENE) [Bird

et al., 1987,Luo and Yin, 2017,Masmoudi, 2008,Samaey et al., 2011,Wang et al., 2009,

Watanabe and Matsumiya, 2017], neglecting other modes of deformation and relaxation

such as bending, as well as traction forces exerted on the body surfaces in a linear flow.

These modes may translate into interesting behaviors which, combined with the study

of traction forces, could help improving our understanding of the potential surface dam-

ages suffered by a bead-like chains like such as polymer and bacterial chains, which in

some cases may lead to rupture and cause functionality losses. For chains of polymers,

these phenomena are commonly called "polymer degradation" and "depolymerization",
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"polymer fragmentation", or "chain scission" [Banasiak and Noutchie, 2010, El’darov

et al., 1995, Göpferich, 1996, Kostoglou, 2000, Mantzaris, 2005, Mao et al., 2017, Mon-

troll and Simha, 1940, Paturej et al., 2011]. For bacterial chains however, very little

is known about dynamics, traction forces, and underlying rationale governing chain in-

tegrity and breakage in linear flows [Arnaud et al., 1993, Edwards et al., 1989, Guerin

et al., 2017c, Lange et al., 2001], although a better understanding would considerably

help optimizing industrial processes involving bacteria, such as in the ferment and food

industries.

Another, still under-exploited use of dumbbell models lies in adhesion settings, when

considering each body of a dumbbell as a component engaged in adhesive interactions,

which may be of relevance in many biological occurrences, ranging from muscle con-

traction [Smith, 1998] to bacterial adhesion. As shearing has been previously described

to impact altogether bacterial viability, functionality, and shape (Sections I.3.1.2 and

I.3.1.3), the dumbbell model could push investigations further by evaluating how bacte-

rial adhesion to various molecules, such as fat globules and whey proteins, could impact

the way shearing may damage bacterial cell surfaces. A protective or damaging role of

bacterial adhesive interactions, such as those occurring in food matrices, on bacterial

adhesive abilities could then be investigated.

I.3.2 Modeling shearing impact on dairy matrices contain-

ing lactic acid bacteria

I.3.2.1 Importance of lactic acid bacteria and fat on the rheology of

dairy matrices

The importance of fat globules in the coagulation process has been especially highlighted

in the past ten years [Michalski et al., 2002, Ion Titapiccolo et al., 2010,Corredig et al.,

2011, Luo et al., 2017]. Fat globules have been found to modulate casein network for-

mation depending on their size as well as on the composition of the milk fat globule

membrane [Michalski et al., 2002, Ion Titapiccolo et al., 2010, Luo et al., 2017]. Small
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globules get coated by caseins and actively fasten the gelation process [Ion Titapiccolo

et al., 2010, Luo et al., 2017], leading to the formation of fine strands and high stor-

age modulus-cheeses [Luo et al., 2017] whereas native fat globules cannot interact with

caseins and their size can cause steric hindrance, therefore leading to the formation of

coarser gel strands [Luo et al., 2017]. Fat-protein interactions may also impact cheese

texture and rheology [Lamichhane et al., 2018] and Liu et al. (2019) demonstrated that

thixotropic properties of composite milk gels such as cheeses were likely to increase with

protein content [Liu et al., 2019].

The impact of fat globules on rennet-induced gelation in cheeses is also susceptible to

be affected by the presence of bacteria. Lactic Acid Bacteria have indeed been found to

gather around fat globules [Oberg et al., 1993,Laloy et al., 1996,Fitzsimons et al., 2001,

Lopez et al., 2006] which may hinder the participation of fat globules to cheese network

build-up. Bacterial adhesion and production of EPS have also been previously pointed

out as key factors impacting dairy products texture [Gentès et al., 2011,Mende et al.,

2013,Patrício et al., 2014,Ruas-Madiedo et al., 2002,Surber et al., 2019,Tarazanova et al.,

2017,Tarazanova et al., 2018a,Tarazanova et al., 2018b]. As for cheeses which coagulation

origins mostly from lactic acidification, as well as for other fermented dairy products,

Lactic Acid Bacteria play an even more important role on texture and rheological changes

of the product, and their influence on dairy structuration is more complex.

If fat and bacteria play a key role in dairy matrix structuration, they can also in

return be affected by various stresses generated by structuration steps. The impact of

these stresses on dairy matrices containing fat and bacteria, and in particular of shear

stress induced by structuration steps such as stirring, stretching, rolling, and spray-

drying, will be investigated in Section I.3.2.

I.3.2.2 Dairy matrices as thixotropic elasto-viscoplastic (TEVP) fluids

During manufacturing, dairy matrices such as cheeses and yoghurts may experience

different stresses, including mechanical stresses, such as shearing [Robert and Sher-

man, 1988, Goh et al., 2005,McCulloch, 2008, Vandenberghe et al., 2017] and heating
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stresses [Bonanno et al., 2017]. These stresses are known to play a role in dairy matri-

ces structuration and to influence the final structure of the product [Kindstedt et al.,

2004,Goh et al., 2005,McCulloch, 2008,McMahon and Oberg, 2011,Vandenberghe et al.,

2017,Gonçalves and Cardarelli, 2019]. Some types of cheeses, such as pasta filata or string

cheeses, also experience thermomechanical stresses later in structuration (past floccula-

tion, during cross-linking) during the characteristic step of stretching, the curd being

subjected to mechanical work in hot water leading the amorphous structure to transform

into an organized, elastic and compact network [Kindstedt et al., 2004,McMahon and

Oberg, 2011,Gonçalves and Cardarelli, 2019]. The way dairy products behave in reaction

to stress, and therefore the way stress may influence their structuration, depend on the

rheological properties of the products considered. Despite the wide diversity of products,

a few common rheological characteristics can be drawn out from the existing literature.

Previous reviews have indeed identified many dairy matrices to present thixotropic prop-

erties, especially acid milk gels, fresh (soft), and semi-hard cheeses [Massaguer-Roig et al.,

1984,Korolczuk, 1993,Javanmard et al., 2018,Lakemond and Van Vliet, 2007,Omar et al.,

1995,Foegeding et al., 2011,Lamichhane et al., 2018].

Thixotropic fluids can be defined as fluids featuring a flow-induced decrease in viscos-

ity over time [Mewis and Wagner, 2009]. Models integrating both kinetic and thixotropic

approaches are called structural-kinetic models. Such models are usually defined by cou-

pling a model describing the fluid behavior under shear stress (using viscosity-related

functions), called "constitutive model", and a kinetic model including a shear rate-

dependence [Wei et al., 2018, Javanmard et al., 2018]. The kinetic part of such models

usually features a structural parameter, often called λ, which monitors the instanta-

neous degree of structure of the considered fluid, varying between 0 (random dispersion

of particles) and 1 (fully structured), often used to describe shear-induced breaking of

structure (varying from 1 to 0). Reviews to be addressed when comparing the efficiency

and range of applications of structural-kinetic models of thixotropic fluids are those by

Mewis and Wagner [Mewis and Wagner, 2009] and Larson [Larson, 2015], although none

of these reviews specifically addresses food applications. In single-lambda thixotropic
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models, the structural parameter λ is often interpreted as the instantaneous number of

links (or other structural units) normalized by the maximum number of units in a fully

structured state [Goodeve and Whitfield, 1938,Azikri de Deus and Dupim, 2013]. For

example, for acid milk gels, λ could be the normalized number of casein aggregates; for

mature cheeses submitted to shearing, λ could be the ratio between the existing number

of cross-links and the maximum number of cross-links in a mature, undisturbed state. In

the latter case, this ratio can be estimated experimentally using the shear modulus ratio
G
G∞

[Carlson et al., 1987b]. As a first approximation, it is usually assumed that all links

have the same strength, and break or form at the same rate.

In addition to present thixotropic properties, dairy products are also known to feature

viscoelastic [Faber et al., 2017, Foegeding and Drake, 2007, Houzé et al., 2005, Lucey

et al., 2003,Muliawan and Hatzikiriakos, 2007,Muthukumarappan and Swamy, 2017,Niki

et al., 2000] and viscoplastic properties [Blair and W, 1953, Javanmard et al., 2018,

Kothari et al., 2016, Muliawan and Hatzikiriakos, 2007]. It therefore makes sense to

consider dairy matrices as thixotropic elasto-viscoplastic (TEVP) fluids such as described

by Ewoldt and McKinley [Ewoldt and McKinley, 2017] and reviewed by De Souza Mendes

et al. [de Souza Mendes and Thompson, 2012]. If models for thixotropic [Barnes, 1997,

Mewis and Wagner, 2009], viscoelastic [Fraggedakis et al., 2016], and viscoplastic fluids

[Balmforth et al., 2014,Bonn et al., 2017] have been proposed, frameworks encompassing

all these characteristic to describe the behavior and structuration of TEVP fluids are still

rare as important challenges need to be faced when attempting to describe each isolated

aspect of the constitutive response of those fluids [Bonn et al., 2017].

In the next section, we will essentially focus on a recently-published TEVP model

using a structural-kinetic framework [Wei et al., 2018]. This model is especially inter-

esting as it focuses on transient rheology, describing changes occurring during shearing

of TEVP fluids. It uses a comprehensive set of constitutive equations allowing monitor-

ing the fluid behavior and structuration rate when submitted to rheological constraints

(stress, strain) [Wei et al., 2018] in a very general case. It is, to our knowledge, the

most advanced and "up-to-date" model describing the behavior of matrices in response
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to shearing.

I.3.2.3 The ML-IKH model: a comprehensive framework describing

TEVP fluids behavior under shear

I.3.2.3.1 General features of this model

Wei et al. generalize a previous scalar thixotropic-only “multilambda” (ML) model [Wei

et al., 2016] combined with an isotropic kinematic hardening (IKH) model [Dimitriou

and McKinley, 2014]. The "multilambda" part of this model allows taking into ac-

count multiple overlapping time scales. In our case, this could be useful to describe the

shearing of dairy matrix at a microscopic level, the time scale being different for each

matrix component e.g. caseins, whey proteins, fat, bacteria, etc. The IKH part of this

model allows accounting for hardening behavior, which is a phenomenon in which the

amount of stress required to deform a material increases more than proportionally to

the strain value, both at constant strain rate and increasing strain [Bast et al., 2015].

This phenomenon has been observed since the early 1950s and an official distinction was

made between isotropic and kinematic hardening in 1980 [Weng, 1980]. Isotropic hard-

ening consists in a global increase of the elastic limit (also called "yield stress") which

could be due either to tension or compression, when punctually-applied; materials fea-

turing isotropic hardening properties harden until they respond elastically. Kinematic

hardening account for tension and compression when applied in cycles, introducing the

Bauschinger effect, i.e. the fact that the characteristic response to stress and/or strain of

materials change as a result of microscopic stress distribution (e.g., materials can globally

soften during cyclic compression in addition to harden punctually. Materials featuring

hardening properties can therefore exhibit isotropic or kinematic behaviors depending on

stress conditions [Weng, 1980]. Although more studied in relation to bread-making [van

Vliet, 2008], several dairy products were also found to exhibit hardening behavior and

this especially during shearing steps, including whey protein gels [Lowe et al., 2003],

β-lactoglobulin gels [Pouzot et al., 2006], casein gels [Rohm et al., 2014], and pasta filata

cheeses such as Mozzarella [Huc et al., 2014,Bast et al., 2015,Sharma et al., 2017,Sharma
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et al., 2018]. The hardening behavior of these latter cheeses play an essential role dur-

ing cheese structuration as hot water stretching, rolling, and kneading are indispensable

steps in the traditional manufacture of Mozzarella cheeses [Sharma et al., 2018]. Strain

hardening behavior was observed during shearing in the longitudinal (fiber) direction and

softening in the perpendicular direction [Bast et al., 2015, Sharma et al., 2018] thus re-

sulting in anisotropic plastic deformations (Bauschinger effect). A structural model was

recently proposed to explain this behavior at the molecular level, based on microscopic

alignments of elongated casein clusters and cross-linked polymers [Sharma et al., 2018].

This model was found to be in agreement with experimental observations [Bast et al.,

2015,Sharma et al., 2018]. Main features of this model are represented in Figure for the

case of cheeses I.3.2.

Based on Sharma et al. (2018), during the cross-linking phase cheese can be thought

of as a continuous, building-up protein gel containing a dispersed phase of fat particles

and whey pockets, elongated in the direction of rolling. Although bacteria were not

explicitly taken into account, one can reasonably think of them as dispersed particles

present in the vicinity of fat or trapped inside whey pockets [Guerin, 2017,Guerin et al.,

2017b]. As rolling is performed, generating shear stress, fat inclusions as well as whey

pockets get stretched out (due to viscoelastic properties) and cheese experience strain

hardening, which leads to three major changes: casein clusters align, initial cross-links

become more tightly bound and additional cross-linking occur. The potential role of

calcium in the casein network strengthening process is also mentioned [Sharma et al.,

2018].

In our case, it is therefore important for hardening behavior to be taken into account

when modeling cheese and more generally dairy matrices structuration, in addition to

thixotropic and viscoelastic properties; the comprehensive model developed by Wei et al.

to describe the transient rheology of TEVP fluids allows encompassing all these chara-

teristics. Four main features of this model enable capturing different aspects of TEVP

rheology: (1) Multiple thixotropic structure parameters ("multilambda"), all exhibiting

a stretch-exponential thixotropic relaxation behavior when recovering their viscosity af-
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Figure I.3.2: Cheese anisotropic hardening and viscoelastic behavior during shearing for
pasta filata cheeses such as mozzarella; "adhesive casein patches" represent the areas of
micelles depleted of κ-casein, which are able to stick to other depleted areas in order
to form casein clusters during the curd-firming process. This figure was inspired from
Sharma et al. [Sharma et al., 2018].

ter earlier shearing; (2) nonlinear thixotropic kinetic equations in both the shear rate

or stress and the structure parameters; (3) incorporation of the Armstrong-Frederick

kinematic hardening rule [Frederick and Armstrong, 2007] for the evolution of the elas-

tic limit, introducing a term which influences plastic flow differently whether tension or

compression forces are applied, depending on the accumulated plastic strain; and (4)

viscoelasticity.

This model features 12 equations governed by 12 parameters, four of them controlling

the transient response and the others governing steady state. Wei et al. provide both

a scalar and tensorial form of their model. The model equations in their scalar form in
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relation to dairy matrix structuration, and in particular in relation to pasta filata cheese

shearing, will be detailed in the next sections.

I.3.2.3.2 The multilambda parameter as a thixotropic multimodal response

to stress

Wei et al. chose to define the structural parameter λ as a linear combination of substruc-

tural parameters λi such as presented in Eq. (I.3.1). In this section, we will focus on the

cross-linking phase of cheeses submitted to shearing such as presented in Fig. I.3.2. In

this case, introducing multiple lambdas λi allows distinguishing different structuration

rates within our system, which could each be associated with a different cheese compo-

nent such as those represented in Fig. I.3.2 namely fat pockets (potentially including

bacteria in their vicinity), whey pockets containing bacteria, casein strands (elongated),

and casein polymers. In Eq. (I.3.1), Ci are constant coefficients and N the number of

thixotropic relaxation modes of the system. In practice in our case, as a first approxima-

tion, a different relaxation mode could be associated with each cheese component earlier

mentioned.

λ =
N∑
i=1

Ciλi, (I.3.1)

dλi
dt

= Di[−kbdψaλni + kbuψ
b(1− λi)m + kB(1− λi)m]; b = 0.5, m = 1. (I.3.2)

Equation (I.3.2), which monitors the evolution of the structure λi under shearing, is a

modified form of the general λ equation for ideal thixotropic fluids [Wei et al., 2016,Wei

et al., 2018]. This equation includes a break-down term −(kbdψ
aλni ) with a break-down

constant kbd, and two build-up terms, one shear-induced kbuψb(1−λi)m and one Brownian

kB(1− λi)m with two build-up constants, kbu and kB.

Parameters b and m have been fixed numerically by Wei et al. from previous ex-

perimental studies [Onogi, 1970,Dullaert and Mewis, 2006,Wei et al., 2016,Armstrong

et al., 2016,Wei et al., 2018], in which flow-induced aggregation rate was found to have

a square-root dependence on the shear rate or stress (b = 0.5), and which showed that
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m = 1 assuming a linear relationship between λ and viscosity, or between λ and the

elastic limit (yield stress). However, these studies did not concern foodstuffs but diverse

polymer suspensions, and therefore further experiments may be required to adjust these

parameters to our case. In particular, the relationship between viscosity and λ may not

be linear; indeed, experimental data collected by Javanmard et al. on acid milk gel sus-

pensions show that λ is more likely to evolve exponentially with decreasing viscosity in

a way closer to Michaelis-Menten kinetics [Javanmard et al., 2018], thus the value of m

in Eq. (I.3.2 would have to be reconsidered.

Parameters a and n in the break-down term of Eq. (I.3.2) are two adjusting model

parameters and can be determined experimentally. The non-linearity of λi in ψ in the

break-down term was shown by Wei et al. to improve model predictions for the rheology

of fumed silica suspensions. This still remains to be proven for cheeses. The best-fit

value of n depends on the choice of the flow parameter ψ, which may stand for shear

rate, shear stress, or a combination of both [Wei et al., 2018]. The preferred definition

for ψ in our case may depend on the manufacturing parameters that can be controlled

during the cheese-making process. Wei et al. propose the following expressions for ψ

depending whether the stress-controlled (SC) or rate-controlled (RC) form is chosen:


SC form:ψ = max(0, |σeff | − λky)

RC form:ψ = |γ̇p|.
(I.3.3)

These expressions can be used assuming that thixotropy only occurs upon plastic defor-

mation, i.e., that structural changes occurring during elastic deformations do not lead to

the breakage of internal structures (the global degree of structure λ is only affected once

the elastic limit ky is overcome). This appears plausible in our case since experimentally,

the microstructural cheese elements were found to fracture irreversibly only for very high

shear work [Bast et al., 2015,Sharma et al., 2017,Sharma et al., 2018].

All λi share the same steady-state value but their transient behavior differs, i.e., all

cheese components would reach in the end a similar structuration level, but on different
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time scales. These different transient behaviors constitute the multimodal response of

the system to shear stress and are accounted for in Eq. (I.3.2) by the dimensionless

pre-factors Di leading to different time derivatives for each λi.

Following stress, the ML-IKH model predicts a global stretched exponential response

of the system during relaxation i.e. an immediate viscoelastic response which intensity

decreases over time. The relevance of such a behavior is attested by previous experimental

studies on various polymer suspensions and gels [Berry and Plazek, 1997, Quemada,

1998, de Gennes, 2002, Wei et al., 2018]; however not having been demonstrated for

foodstuffs, this behavior appears sensible in regard to the viscoelastic/plastic properties

exhibited by pasta filata cheeses once they reach the stretching step. In order to satisfy

the global stretched exponential response experienced by the system, Ci and Di are

consequently determined by Eq. (I.3.4)

exp(−tβ) ≈
N∑
i=1

Ci(β) exp−Dit (I.3.4)

Where β is the stretching exponent, 0 < β < 1. Eq. (I.3.4) shows the decomposition of

the global stretched exponential response into a linear combination of simple exponen-

tials, i.e. each cheese component experiences a stretched exponential response during

relaxation on a different time scale.

So far, equations have been provided that govern the transient behavior of the sys-

tem under shear stress as well as during post-stress relaxation, such as what would occur

for pasta filata cheeses submitted to shear during stretching and post-stretch relaxation

(cross-linking phase). They describe a multimodal response accounting for different time

scales depending on the cheese component considered, assuming a global stretched ex-

ponential response.
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I.3.2.3.3 Incorporation of viscoelastic, viscoplastic, and hardening charac-

teristics

The viscoelastic, viscoplastic, and hardening features of the ML-IKH model are captured

by the following set of equations:

σ = ηmγ̇ + σs, (I.3.5)

λθσ̇s +max

(
0,
|σeff | − λky
|σeff |

)
σeff = ληthiγ̇, (I.3.6)

σeff = σs + σback, (I.3.7)

σback = khA, (I.3.8)

γ̇p =


0 if |σeff | < λky,

|σeff | − λky
ληthi

· sign(σeff ) if |σeff | ≥ λky,
(I.3.9)

Ȧ = γ̇p − qA|γ̇p| (I.3.10)

In equation (I.3.5), σ stands for the total stress experienced by the system, composed of

contributions by the medium σm = ηmγ̇ as well as by internal elastic forces σs = Gγe.

In cheese, σm could be assimilated to the continuous protein phase (at the macroscopic

scale), and σs to internal structures such as fat, whey pockets, and bacteria. The expres-

sion of σm originates from the assumption that the system reaches a constant viscosity

ηm once all internal structures (pockets and casein network) are broken down (e.g., cheese

melts), and that in the transient regime σm is controlled by the total rate of deforma-

tion under shear γ̇. If the latter assumption appears plausible in our case, the first may

need some adjustements. Indeed, Sharma et al. have found Mozzarella cheeses to ex-

hibit work-thickening behavior when melting for high applied shear work [Sharma et al.,

2016b,Sharma et al., 2016a] and proposed thickening exponential equations to describe

this behavior [Sharma et al., 2016b]. The nature of ηm in Eq. (I.3.1) would therefore

need to be consequently adjusted, ηm becoming a stretched exponential function. The

expression of σs comes from the assumption of a linear relationship between elastic de-
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formations γe induced by internal structures (e.g., when fat or whey pockets move with

respect to the medium) and internal forces σs, which appear plausible in our case as

a first approximation, as the flowability of Mozzarella cheeses was found to be linearly

proportional to shear work [Sharma et al., 2016a].

Equation (I.3.6) describes the evolution and potential irreversible deformation of the

global structure λ of the system (with ηthi plastic viscosity and γ̇ total strain rate,

γ̇ = (γ̇e + γ̇p), γ̇e and γ̇p respectively elastic and plastic rates) as a function of viscoelas-

tic changes induced by internal forces during the relaxation time θ, and viscoplastic

changes induced by the effective stress σeff . In practice in our case, it means that the

cheese structure (how far we are in the cross-linking process and in the rearrangements of

cheese matrix components) depends on a balance between viscoelastic internal forces and

plastic deformations. Viscoelastic forces are driven by fat and whey pockets trying to

"bounce back" to their original form when stretching has been applied, and plastic defor-

mation results from overcoming the elastic limit or yield stress ky (e.g., the cheese matrix

structures irreversibly anisotropically in the direction of elongation, such as what can be

found experimentally for high shear work [Bast et al., 2015,Sharma et al., 2016a,Sharma

et al., 2016b,Sharma et al., 2017,Sharma et al., 2018]).

Viscoplastic changes are accounted for by the viscoplastic strain rate γ̇p, which starts

evolving past the elastic limit ky; the higher the effective stress exerted on the system,

the faster the plastic deformation occurs, and the more structured and/or viscous the

system is, the more plastic deformations are slowed down.

The effective stress is defined by the sum of internal forces σs and of a back stress term

σback, which relates to the hardening properties of the fluid through a hardening constant

kh and a back strain A. Equation (I.3.10), namely the Armstrong-Frederick equation for

kinematic hardening, implies that A depends exclusively on the strain histories. In the

case where the system considered was only elastic, the material constant q would be null

and σback, A would resume respectively as elastic stress and elastic strain. Depending on

the fluid, Jiang et al. mention that slight modifications to Eq. (I.3.10) may need to be

accounted for in order to accommodate specific material properties [Jiang and Kurath,
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1996]. They propose the following adjustment:

Ȧ = γ̇p − (q|A|)c sign(A)|γ̇p| (I.3.11)

This equation resumes to the original Armstrong-Frederick equation for c = 1. Experi-

mentally, Wei et al. work on weakly aggregated fumed silica suspension which validate the

original Armstrong-Frederick equation, whereas Dimitriou et al. (2014) needed c = 0.25

to accurately predict the rheology dynamics of waxy crude oils [Dimitriou and McKinley,

2014,Wei et al., 2018]. Therefore in the case of cheese, c may need to be adjusted as well.

I.3.2.3.4 Application of the ML-IKH model to cheese structuration

Main variables and parameters used in the ML-IKH model have been summarized in

Table I.3.1 and gathered according to the model feature they describe (multimodal re-

laxation, viscoelasticity, viscoplasticity, thixotropy, hardening).

Quantity Type Definition Cheese analog

Associated model features: Thixotropy, Multimodal relaxation

λ variable structural variable degree of structural organization of the
whole cheese matrix

λi variable structural variable degree of structural organization for the
ith cheese matrix component

ψ variable flow
variable applied stress or strain rate

N parameter
number of
thixotropic
relaxation modes

number of components in the cheese ma-
trix

β parameter stretching
exponent

duration of the relaxation phase after
cheese matrix stretching

79



Chapter I.3. Modeling shearing impact on bacteria

kbd, kbu,
kB

parameters break-down and
build-up constants

structuration constants for fat globules,
casein polymers, bacteria aggregates, and
whey proteins after stretching

a,b,n,m parameters

non-linear depen-
dence of break-down
and build-up terms
in λi

the structuration process of each cheese
component depends non-linearly on the in-
tensity of stress/strain ψ applied and of its
current structural state λi

Associated model features: Viscoelasticity, Viscoplasticity

σ variable total stress total stress applied on the whole cheese
matrix

σm variable stress arising from
the medium

stress arising from the continuous protein
phase

σs variable stress arising from
internal forces

stress arising from singular cheese compo-
nents e.g. fat globules, whey pockets, bac-
teria, caseins if envisioned as discontinu-
ous clusters

θ variable

viscoelastic
relaxation time in
the fully
structured state

time during which elastic deformations oc-
cur due to singular components in the
cheese matrix (fat, whey pockets, bacte-
ria, casein clusters)

γ̇ variable shear rate
evolution of the total deformation of the
cheese matrix overtime (elastic and plas-
tic)

γ̇e variable elastic rate evolution of the elastic component of de-
formation of the cheese matrix overtime

ηm, ηthi parameters asymptotic and
plastic viscosity

viscosity of the whole matrix once all inter-
nal elements have broken down* (*variable
for thickening pasta filata cheeses) and vis-
cosity of the matrix once stress overcome
the elastic limit

G parameter elastic modulus elasticity of the whole cheese matrix
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Associated model features: Thixotropy, Viscoplasticity, Hardening

σeff variable effective stress total stress felt by the cheese matrix if in
the plastic domain

σback variable back stress stress associated with increased and ori-
ented cross-linking (hardening behavior)

γ̇p variable plastic rate evolution of the plastic component of de-
formation of the cheese matrix overtime

A variable back strain
deformation induced by the elongation of
casein clusters and increased and oriented
cross-linking (hardening behavior)

c parameter hardening
exponent

the hardening behavior depend on the
composition of the whole cheese matrix

ky, kh parameters
elastic limit (yield
stress) and harden-
ing constant

threshold between elastic and plastic do-
main for the whole cheese matrix, inten-
sity of the hardening phenomenon during
cross-linking

q parameter material constant characteristic constant related to the over-
all plasticity of the cheese matrix

Table I.3.1: Variables and parameters used in the ML-IKH (multilambda isotropic kine-
matic hardening) model for thixo-elasto-visco-plastic (TEVP) fluids proposed by Wei et
al. adapted in relation to cheese structuration for pasta filata cheeses during stretching;
quantities have been gathered according to the model features they relate to (multimodal
relaxation, viscoelasticity, viscoplasticity, thixotropy, hardening).

The model parameters governing the steady state of the system are (assuming b = 0.5,

m = 1, c = 1): a,n, ky, khq ,
kbd
kB

, kbukB , ηm, ηthi.

The model parameters controlling transient response during shearing and shear-

induced structuration are: kB, β, q, G. The parametrization of the ML-IKH model

requires three types of experimental data as presented in Table I.3.2: the steady state

flow curve, shear stress variations induced by flow reversal tests, and shear stress vari-

ations induced by step tests [Wei et al., 2018]. In addition to these three data sets,
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Data type Definition Parameters
determined

Steady state
flow curve

Recorded stress variations when varying
the applied strain (or vice versa) on the
fully mature cheese matrix

ηm
(kh/q+ky)
a
n
kbd/kB
kbu/kB
ηthi

Shear stress
variations
induced by flow
reversal tests
(hardening
behavior)

Recorded stress variations when, after
reaching steady state under shearing, an
instantaneous reversal of the shear direc-
tion is imposed, while holding fixed the
shear rate magnitude

kh/q
q

Shear stress
variations
induced by step
tests (global
transient
behavior)

Recorded stress variations when the shear
rate (or stress) undergo a stepwise change
after a period of steady shear

kB
β
G

Table I.3.2: Experimental data required to fix the parameters of the ML-IKH (multil-
ambda isotropic kinematic hardening) model to fit cheese structuration for pasta filata
cheeses during stretching.

additional tests may be needed to adjust parameters b, m as previously mentioned in

Section I.3.2.3.2, and parameter c as mentioned in Section I.3.2.3.3.

Although the ML-IKH model has not yet been applied experimentally to foodstuffs,

it provides a comprehensive framework which, if applied to cheese structuration during

shearing, will allow good understanding and monitoring of structural changes occurring

during cheese manufacturing. This model can especially be useful for pasta filata and

string cheeses undergoing stretching steps, but may also be of use to understand more

generally the impact of shearing on dairy matrices containing lactic acid bacteria. In the

next section, a different (simpler) TEVP model will be reviewed, which has been applied
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to acid milk gel suspensions. Both TEVP models will be compared, and we will then

conclude on the interest of TEVP models in relation to shear-induced dairy matrices

structuration.

I.3.2.4 Experimental modeling of sheared acid milk gel suspensions as

TEVP fluids

I.3.2.4.1 Dairy matrix microstructure: characteristic particle dimensions

Another recent approach developed by Javanmard et al. (2018) allows correlating λ, i.e.

the instantaneous global degree of structure of the dairy matrix, with some characteris-

tic dimensions of the aggregates constituting the matrix that could contain bacteria, i.e.

with the matrix microstructure, when the matrix is subjected to shear stress. These di-

mensions are the surface-weighted mean diameter D3,2, also called Sauter mean diameter

(SMD) or surface area moment mean diameter, and the volume-weighted mean diameter

D4,3, also called De Brouckere mean diameter (BMD) or mass momen mean diameter.

Both these dimensions are based on the concept of "equivalent sphere", which consists in

measuring some property of an aggregate (surface area, volume, weight, etc.) and assum-

ing that it refers to a sphere instead of an aggregate [Rawle, 2003,Pabst and Gregorová,

2007]. This theoretical sphere would thus be equivalent to our aggregate relatively to

the measured property (surface-equivalent, volume-equivalent, etc.), and therefore the

diameter of this sphere characterises our aggregate relatively to this same property.

This concept has been illustrated for cross-linked polymers such as those present in

cheeses (although this is also valid for simpler clusters such as those present in yogurts)

in Figure I.3.3.

The most common ways to approximate an aggregate by a sphere are by using its

surface or its volume, using the concept of surface-equivalent and volume-equivalent

spheres [Pabst and Gregorová, 2007], such as represented in Fig. I.3.3. For a matrix

constituted of n aggregates, each kth-aggregate being approximated by the kth-sphere

(equivalent in surface or in volume, depending on the adopted equivalence concept), the

Sauter and De Brouckere diameters give information on a theoretical mean particle which
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Figure I.3.3: Correlation between the global degree of structure of the dairy matrix
λ and the characteristic dimensions D3,2 and D4,3, respectively the surface-weighted
mean diameter and the volume-weighted mean diameter (also called the Sauter and De
Brouckere mean diameters) of the bacteria-containing aggregates constituting the matrix.

characterises the matrix microstructure. The diameter of this mean particle depends on

the volume:surface ratio using volume-equivalent and surface-equivalent spheres (SMD),

or on the weight:volume ratio using weight-equivalent and volume-equivalent spheres

(BMD) [Piacentini, 2014], the weight-equivalent sphere being the same as the volume-

equivalent sphere in the case of particles of same density [Pabst and Gregorová, 2007].
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However in practice, most experimental methods are only able to compute for one

type of equivalent sphere at a time [Pabst and Gregorová, 2007], which undifferentiated

diameter is called Di for the ith-particle. The exponential dependence of Di, i.e. (Di)
4,

(Di)
3, and (Di)

2 then respectively represents the approximate weight-, volume-, and

surface-dependence of the ith-aggregate. This unique equivalent diameter Di is generally

the one used in studies which do not mention the concept of equivalent spheres, such

studies providing approximate values of D3,2 and D4,3, which can lead to confusion.

When a unique diameter Di is used, the expressions for both the Sauter and the De

Brouckere diameters are indeed approximated as follows:

D3,2 = SMD =

∑
(DiV )3∑
(DiS )2

≈
∑

(Di)
3∑

(Di)2
(I.3.12)

(I.3.13)

D4,3 = BMD =

∑
(DiW )4∑
(DiV )3

≈
∑

(Di)
4∑

(Di)3
(I.3.14)

Where DiW , DiV , and DiS are respectively the diameters of the ith-weight-, volume-, and

surface-equivalent spheres, and are approximated by the uniquely measured equivalent

diameter Di, which may be any one of them. When this is the case, the experimental

method used may be a clue to determine to which equivalent sphere Di refers to [Pabst

and Gregorová, 2007]. In the case of the Javanmard approach, characteristic particle di-

mensions were measured using dynamic light scattering with a Mastersizer 2000 (Malvern

Instruments, Malvern, UK), which results are volume-based according to the manufac-

turer. Therefore, the values of D3,2 provided by Javanmard et al. are approximates of the

real SMD values, using Di = DiV . However, assuming our aggregates of same density, we

have DiW = DiV for all spheres, and therefore the values of D4,3 provided by Javanmard

et al. are the real BMD values. Providing both diameters D3,2 and D4,3 allows a better

characterisation of the microstructure of the matrix in relation to its global degree of

structure λ.
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I.3.2.4.2 Relationship between macro- and micro-structure of the matrix

during shearing

The study by Javanmard et al. was performed on acid milk gel suspensions (dispersions of

aggregating particles, which may or may not contain bacteria), which may serve as fresh

cheese, spread cheese, or yoghurt models in order to establish a relationship between shear

processing, rheology, and food matrix structure [Javanmard et al., 2018] thus providing

an interesting insight on the possible physical meaning of λ. Although the work of

Javanmard et al. seems to have been more motivated by stirred yoghurt manufacturing

than cheese-making, their gelation process, involving glucono-delta-lactone, is similar to

those of fresh cheeses such as cottage cheese [Sharma et al., 1980,Makhal et al., 2013],

and of low-fat pasta filata cheeses [Joshi et al., 2003,Mizuno and Lucey, 2005,Ismail et al.,

2007,Wadhwani et al., 2011]. Indeed, the use of glucono-delta-lactone in cheese-making

is known for allowing a better control of pH during gelation as its behavior is more

predictable and more easily controlled than bacterial behavior [Lablée, 1988]. A similar

gelation process has also been used in cheese models studies [Kelly and O’Kennedy,

2001,Møller et al., 2013]. In this section, we will point out the main features of the

approach proposed by Javanmard et al. which can be of value regarding dairy matrix

structuration.

Javanmard et al. consider acid milk gels as TEVP fluids and focus on those ex-

hibiting shear-thinning properties [Javanmard et al., 2018]. Such properties have been

found mostly in relation to yoghurts, spread, fresh and semi-hard cheeses [Lakemond and

Van Vliet, 2007, Korolczuk, 1993, Omar et al., 1995, Foegeding et al., 2011, Huc et al.,

2014,Ningtyas et al., 2018], which experience shearing during their manufacturing pro-

cess and will consequently be our main focus here. Low-fat pasta filata cheeses such as

Mozzarella cheeses, although involving a similar gelation process, have been found to

exhibit shear-thickening behavior [Sharma et al., 2016b, Sharma et al., 2016a, Sharma

et al., 2018].

To apprehend acid milk gels as TEVP fluids, Javanmard et al. combined the thixotropic

elasto-viscoplastic model developed by Baravian et al. (1996) for shear-thinning disper-
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sions of aggregated particles, with the model developed by Cross for materials exhibiting

pseudoplastic behavior in response to structure breakage [Cross, 1965, Baravian et al.,

1996]. These models were chosen for their simplicity and their good experimental fit

with the case of interest [Javanmard et al., 2018]. The global degree of structure λ was

found to evolve exponentially with both characteristic dimensions D4,3 and D3,2 of the

aggregates [Javanmard et al., 2018]. The three constitutive equations of the approach

proposed by Javanmard et al. are detailed below:



Baravian model:


λ(t) = 1

K

(
1−

√
η∞
η

)
K = 1−

√
η∞
η0

(I.3.15)

Cross model: η = η∞ +
η0 − η∞

1 + (τ γ̇)m
(I.3.16)

Characteristic aggregate size: λ(t) = 1− e(D0−D/b) (I.3.17)

The Baravian model involves the limiting Newtonian viscosities i.e. the zero-shear

and the infinite-shear viscosities respectively η0 and η∞. As matrices considered are

thixotropic, λ and η both depend on shear and time. This model essentially describes

the fact that a decrease in viscosity i.e. a decrease in η is correlated with the break-down

of the global matrix structure, i.e. a decrease in λ (shear-thinning behavior). Before

the matrix is subjected to any shear i.e. at t = 0, λ is equal to 1, i.e. assuming a

fully gelled dairy matrix. Limiting viscosities η0 and η∞ can be determined experimen-

tally through steady state measurements [Javanmard et al., 2018] using the narrow-gaps

method [Davies and Stokes, 2008,Kravchuk and Stokes, 2013].

The Cross model is a time-independent model which features an inverse exponential

dependence of the viscosity on the shear rate γ̇, modulated by the exponent m and

the time constant τ . At low shear rates, viscosity changes are very little, i.e. the global

degree of structure of the matrix λ is conserved (experimentally, λ remains superior to 0.9

until shear rates becomes higher than 1 s−1). However, at shear rates higher than 1 s−1,

viscosity decreases exponentially with the shear rate as fast as γ̇m, and λ consequently

decreases at the exponential rate of m
2 (featuring an inverse square-dependence in η).
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This means that the global structure of the matrix, once the effects of shear start to

show, gets broken down very fast. It can be noticed that the dependence of η on γ̇,

as well as the dependence of η on λ, present good resemblance with Michaelis-Menten

kinetics described by f(x) = A
1+B/x , where A and B constants.

The third equation, derived from empirical observations, show that even small changes

in the global structure actually translate in big changes at the microstructure level, as the

dependence of λ on the characteristic aggregate dimension D (undifferentiated dimension

which can refer either to D4,3 and D3,2, both featuring the same dependence on λ) follows

an inverse exponential function, D0 being the minimal aggregate size reached when λ = 0.

As a result, although λ only lose 5 % of its original value for γ̇ = 1 s−1, D4,3 has decreased

by 60 % for the same shear rate. Even at very small shear rates such as γ̇ = 0.01 s−1,

the aggregates can lose up to 30 % of their original size. This suggests that there is

a threshold, which could be argued to be the elastic limit, below which shear-induced

microstructural changes are invisible at the global structural level. This is coherent,

considering cheese structuration, with the fact that this same phenomenon also occurs

earlier: although casein flocculation starts occurring once 60-80 % of the caseins micelles

have been hydrolyzed [Carlson et al., 1987a], more extensive hydrolysis (80-90 %) needs

to occur for the flocculation to become visible [Dalgleish, 1979, Fox, 1993,McSweeney

and O’Mahony, 2016].

Another phenomenon that can be observed using the approach proposed by Javan-

mard et al. is that, after an intense exposure to high shear rates, applying low shear rate

levels (0.001-0.1 s−1) actually promote aggregation phenomena, thus inducing a partial

recovery of the original gel structure, in the limit of small aggregates (overgrown aggre-

gates may subsequently get broken down again). This shows the existence of a balance

between breakdown (hydrodynamic forces during shear) and recovery (adhesion forces

between caseins) depending on the applied level of shear rate. Matrices issued from

"breakdown and recovery" experiments where shown to feature a more heterogenous mi-

crostructure (wider size distribution) than matrices solely undergoing breakdown, which

may favor the formation of electrostatic and hydrogen bonds between aggregates [Hin-
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richs and Keim, 2007], thus leading to an observed increase in viscosity and size.

Javanmard et al. support the fact that the global structural variable λ may be used

as a proxy for either the instantaneous normalized number of links between aggregates,

such as suggested in previous studies [Goodeve and Whitfield, 1938,Azikri de Deus and

Dupim, 2013], or for the characteristic size of mean aggregates, thus providing a instan-

taneous picture of the microstructure in relation to the global structure at a given time.

Their study also supports the fact that some aggregation phenomena during dairy struc-

turation may be partially reversible, therefore providing a trigger in the shear-induced

structuration process which can be used to obtain a specific final cheese texture [Javan-

mard et al., 2018]. Javanmard et al. also mention that λ may provide indication on the

effective volume fraction occupied by the aggregates in the system, which they aim to

look at in future work.

Both the ML-IKH model and the approach proposed by Javanmard et al. provided

a better understanding of dairy matrices shear-induced behavior. The ML-IKH model is

a comprehensive, detailed model which can be applied to shear-induced structuration of

dairy matrices modeled by TEVP fluids. It can take into account hardening behavior as

well as the presence of several matrices components through the use of the multilambda

parameter. The approach proposed by Javanmard et al. relies on very simple structural

expressions but still achieve relating the global structure of shear-thinning dispersions

of aggregated particles, such as yogurts, fresh cheeses and semi-hard cheeses, to their

microstructural state using characteristic aggregate dimensions. Both these models pro-

vide complementary information and may relate to distinct application fields. However,

they remain mostly matrix-centered, making it more difficult to estimate the impact of

shearing at the scale of the dairy matrix biotic fraction, and in our case especially on

bacteria. Although bacteria can be taken into account as a matrix fraction in the ML-

IKH model, they are only considered through their rheological properties, as if they were

a sole, inert material. The response of living organisms to shear stress applied to their

embedding matrix cannot be analyzed from these models. Similarly, no insight can be

provided on specific damages that may be caused by shearing, and could lead to bacterial
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functionality losses and spatial rearrangements. Further research should concentrate on

evaluating and modeling the impact of shearing on the living fraction of food matrices,

in order to determine in which cases the matrix can provide a good protection to bacteria

with a probiotic potential.
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Most studies discussing bacterial adhesion to food components focused on very few

strains at a time [De Bellis et al., 2010, Chumphon et al., 2016, Tarazanova et al.,

2017, Tarazanova et al., 2018b, Tarazanova et al., 2018a, Utratna et al., 2017], and up

to now no rationale was evidenced which would allow extrapolating results obtained for

some strains to a larger group of strains, such as the LAB group. Whereas viability can

often be reliably assessed, bacterial functionality, including bacterial adhesive abilities,

remains more difficult to ascertain because of its complexity and the lack of informa-

tion on the associated assessment criteria. Several reviews have highlighted the need

for further research targeting bacterial–food interactions and how these interactions are

affected by changes in food, thus implying changes in resulting health benefits [Hickey

et al., 2015b,Mortazavian et al., 2012, Sanders and Marco, 2010]. The impact of LAB

strains on their human hosts has been extensively studied [Carr et al., 2002,Quinto et al.,

2014, Sanders and Marco, 2010], but research focusing on the interactions between pro-

biotic LAB and their delivery food format remains relatively scarce. Developing tools

allowing characterising adhesive interactions for a wide range of strains and components

or molecules of interest would therefore answers the increasing need of industry to bet-

ter understand the conditions that may favor or hinder probiotic bacteria viability and

functionality at the LAB group level, generalizing trends observed on single strains. In

particular, a better knowledge of the impact of manufacturing steps that may generate

stress on bacteria and potentially induce bacterial functionality losses, such as shearing

steps, would especially help with the optimization of food and ferment process design.

Therefore, the three core questions constitutive of my research project have been

defined as follows:

1. What are the characteristics and strength of bacterial adhesion to dairy components

amongst the lactic acid bacteria group and, in particular, to β-lactoglobulin?

2. How does shear stress impact bacterial integrity (shape and functionality) for the

model strain Lactobacillus rhamnosus GG?

3. What is the influence of bacterium-particle adhesive interactions on the dynamics
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and forces exerted on the bacterial cell?

The scope of the first question concerning dairy components was reduced after pre-

liminary assays to the β-lactoglobulin for two main reasons, which are (i) the fact that

adhesive interactions between the model strain LGG and three mutant strains with β-

lactoglobulin have been well-studied through atomic force microscopy techniques, thus

providing good reference points for future comparison with adhesive abilities featured

by other lactic acid bacteria strains, and (ii) the possibility, contrary to micellar caseins

and whey protein isolate, to prepare pure β-lactoglobulin solutions, which may simplify

results analysis and interpretation.

These questions translated into three objectives, which have been represented in

Figure II.0.1.

Key
adhesive

interactions
between

bacteria & foods

1

2 3

BACTERIAL CHAIN BACTERIUM-PARTICLE

&

Figure II.0.1: The three objectives of the multidisciplinary research project "Key adhesive
interactions between bacteria and food components".

The first objective consisted in identifying and characterising strains presenting ad-

hesive affinities for β-lactoglobulin amongst a collection of 73 lactic acid bacteria strains,
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in order to draw general adhesion characteristics within the lactic acid bacteria group.

From this first objective arose the second and third objectives: what and how could

these strains be deprived from their adhesive abilities in response to exterior stress? We

chose to focus on the impact of shear stress, common in food industry, on the model strain

LGG. This impact was studied both for bacteria alone in suspension (second objective)

and bacteria engaged in a bacteria-particle interaction (third objective), as if they were

part of a more complex matrix.

The adopted strategy to fulfill these objectives involved the following techniques and

approaches:

1. Developing a high-throughput method allowing screening quickly bacterial-component

adhesive interactions for a wide range of strains and components of interest, later

applied to a collection of 73 lactic acid bacteria strains; biophysical techniques were

used for characterising the adhesive strains: atomic force microscopy, confocal mi-

croscopy, surface protein analysis (genomic approach),

2. A double approach, experimental and theoretical, was used; the experimental ap-

proach involved process engineering using a two-fluid nozzle and bacterial sus-

pensions, and the theoretical approach involved both analytical modeling (applied

mathematics) and numerical simulations (fluid mechanics),

3. This objective was only studied through modeling for now (analytical and numeri-

cal), although experiments have been planned that may be achieved in future work.

This multidisciplinary research project allowed considering bacterial adhesion and

adhesive abilities from both a biological perspective and from a physical and mathemat-

ical perspective. Experimentally, adhesive interactions and their influence on bacterial

location were investigated at the scale of the lactic acid bacteria group, as well as the

impact of shearing on bacterial behavior and functionality. Mathematically, the intensity

of shear-induced damages occurring on bacterial cell surfaces were correlated with the

intensity of surface traction forces exerted on these cells, and tracked numerically on

individual bacterial cells, represented as ellipsoidal bodies, as well as on bacterial chains.
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The major novelty of this work dwells in the fact that, when experiments drove main

research orientations tackled in this project, modeling allowed pushing further some hy-

potheses and unexplained facts to establish interesting relationships between isolated,

experimental conclusions. Most studies up to now have focused either on the biological

aspect of bacterial adhesion through in vitro and in vivo studies [Altieri, 2016,An and

Friedman, 1998,Barnes et al., 1999,Burgain et al., 2013b,Conway et al., 1987,Dimitrov

et al., 2014, Douëllou et al., 2018, Fernandez et al., 2011, Morelli, 2007, Pizarro-Cerdá

and Cossart, 2006,Valerio et al., 2006] and genomics/protemics studies [Desvaux et al.,

2006,Desvaux et al., 2018,Chagnot et al., 2013,Giaouris et al., 2014,Jaglic et al., 2014],

or on the physical aspect of adhesive interactions using modeling and biophysical tech-

niques [Andersson et al., 2006b,Andersson et al., 2006a,Beaussart et al., 2013,Björnham

and Axner, 2009, Jeanson et al., 2011, Kowalik et al., 2018, Lu et al., 2015, Ong et al.,

1999,Ponnuraj et al., 2003,Rangel et al., 2013]. However studies allowing relating both

biological and physical aspects to explain a given phenomenon remain rare.

Another innovative feature of this project resides in the multiscale approach. Indeed,

bacterial adhesion is studied both at the bacterial suspension level through laboratory-

scale experiments and at the single-cell level through the use of biophysical techniques

and modeling. This double approach thus allows refining our understanding of collec-

tive bacterial behavior and relating it to micro-phenomena likely to induce macro-scale

responses.

This dissertation has been organized around five main parts which are a literature

review (Part I), research questions & objectives (Part II), material and methods (Part

III), results and discussion (Part IV), and conclusions and perspectives (Part V).

This research project led to six first-author publications, four of them included as

chapters in Results and Discussion and the latter two incorporated in the Literature re-

view section. Scientific valorization (effective publications, oral communications, posters,

collaborations, etc.) is detailed in Part VII.
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III.1

Material

III.1.1 Preparation of milk components solutions

Micellar caseins (Promilk 872 B) and Whey Protein Isolate (WPI, Promilk 752 FB)

powders were provided by Ingredia IDI (Arras, France). β-lactoglobulin (β-lac), α-

lactalbumin (α-lac), and Bovine Serum Albumin (BSA) were provided by Sigma-Aldrich

Co. LLC, St Louis, MO, USA. Milk Fat Globule Membrane (MFGM) was extracted from

bovine raw milk at the laboratory following a two-steps isolation method previously de-

scribed [Holzmüller and Kulozik, 2016].

Milk proteins and MFGM solutions were prepared by dissolving each component in

sterile water (1 % w/w) and solutions were homogenized for a minimum of 2 h at ambient

temperature. All proteins and MFGM solutions were used to validate the screening

method. Only β-lactoglobulin and BSA were used for shearing experiments.

III.1.2 Bacterial strains and cultures

III.1.2.1 Bacterial strains

Four control strains were used to validate the high-throughput screening method as well

as for the shearing experiments, which are the model strain Lactobacillus rhamnosus GG

ATCC53103 (LGG wild type, “WT”) and three derivative mutant strains: LGG spaCBA

CMPG 5357, impaired in pili synthesis [Tripathi et al., 2013], LGG welE CMPG5351, im-
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paired in long, galactose-rich exopolysaccharides (EPS) production [Lebeer et al., 2009],

and LGG welE-spaCBA CMPG5355, double mutant [Lebeer et al., 2012] impaired both

in pili synthesis and exopolysaccharides production. The adhesion properties of these

strains have been previously described [Guerin et al., 2016,Lebeer et al., 2012,Tripathi

et al., 2013,Tripathi et al., 2012]. These four control strains were kindly provided by Dr

Sarah Lebeer (Centre of Microbial and Plant Genetics, K.U. Leuven, Leuven, Belgium,

and Department of Bioscience Engineering, University of Antwerp, Antwerp, Belgium).

The screening method was then applied to a collection of 73 LAB strains. The 73

LAB strains used in this work are listed in detail in Appendix A.1 This collection of

strains has previously been studied for their genomics and surface properties [Sun et al.,

2015]. The model strains LGG WT and the mutant strain LGG spaCBA, which adhesive

properties of both are well-known [Guerin et al., 2016,Lebeer et al., 2012,Tripathi et al.,

2012, Tripathi et al., 2013] were respectively used as positive (adherent) and negative

(non-adherent) control strains.

Two strains out of the collection of 73 LAB strains were analyzed using AFM, Lacto-

bacillus aquaticus DSM 21051 and Lactobacillus sharpeae DSM 20505. The model strains

LGG WT and the mutant strain LGG spaCBA, were respectively used as positive (ad-

herent) and negative (non-adherent) control strains.

III.1.2.2 Bacterial cultures in tubes

III.1.2.2.1 Screening method validation

All strains were cultivated at 37 ◦C overnight in 10 mL of liquid MRS medium [De Man

et al., 1960] inoculated each with 100 µL of frozen cultures stored at -80 ◦C. The next

day, the suspensions were centrifuged at 3618 g (i.e. 3,000 rcf) for 10 min. The resulting

cell pellets were resuspended in phosphate buffered saline (PBS, P4417, Sigma-Aldrich

Co. LLC, St Louis, MO, USA) adjusted at pH 6.8, centrifuged (3,618 g, 10 min) and

resuspended again in PBS (pH 6.8). Bacterial suspensions were then diluted until reach-

ing an optical density of 0.5 at 595 nm (OD595nm=0.5) and were subsequently used for

adhesion assay. Triplicates on independent cultures were performed as well as duplicates
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by strain.

III.1.2.2.2 Experimental shearing

All strains were pre-cultivated at 37 ◦C overnight in 10 mL of MRS medium (de Man,

Rogosa and Sharpe) inoculated with 100 µL of frozen cultures previously stored at -80
◦C. The next day, 100 µL of the pre-cultures were used to inoculate 10 mL of MRS

medium and the suspensions were left for incubation at 37 ◦C until they reached an

optical density of 0.8 at 595 nm. Bacterial suspensions were then centrifuged at 3,618

g for 10 min at ambient temperature. The resulting cell pellets were resuspended in

phosphate buffered saline (PBS, P4417, Sigma-Aldrich Co. LLC, St Louis, MO, USA)

adjusted at pH 6.8 and the resulting bacterial suspensions were subsequently used for

shearing experiments. Triplicates on independent cultures were performed as well as six

replicates of shearing experiments by strain for a given culture.

III.1.2.3 Bacterial cultures in 96-well microplates

III.1.2.3.1 Screening method validation

Bacterial cultures describe in this paragraph relate to the validation of the high-throughput

screening method. Four tubes containing 10 mL of MRS were inoculated each with 100

µL of frozen cultures stored at -80 ◦C and homogenized. Their content was immediately

distributed on a medium binding 96-well microplate (200 µL by well) and incubated

overnight at 37 ◦C. The mother microplate was replicated the next day using 5 µL to

inoculate 200 µL of MRS by well using an automated liquid handling system for 96-well

plates (Freedom Evo, TECAN Gmbh., Austria); daughter microplates were cultivated

at 37 ◦C overnight and frozen at -80 ◦C. For each series of experiments a daughter mi-

croplate was thawed and replicated on working microplates using 5 µL to inoculate 200

µL of MRS by well. The working microplates were prepared the day before the adhesion

assay and incubated overnight at 37 ◦C. The day of the adhesion assay, the working

microplates were centrifuged at 1,642 g (i.e. 2,000 rcf) for 20 min. The resulting cell

pellets were resuspended in PBS (pH 6.8), washed by centrifugation (1,642 g, 20 min)

and resuspended again in PBS (pH 6.8). Bacterial suspensions were then diluted until
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reaching an OD595nm of 0.5 and were subsequently used for adhesion assay. Triplicates

on independent cultures were performed as well as twelve repetitions by strain.

III.1.2.3.2 Collection of 73 lactic acid bacteria strains

For each series of experiments, a 96-well microplate previously stored at -80 ◦C was

thawed and replicated on working microplates using 50 µL of bacterial suspension to

inoculate 150 µL of MRS by well. The working microplates were incubated at 30 ◦C

two days before the adhesion assay. During the adhesion assay, microplates were only

centrifuged once at 1,642 g for 20 min, emptied and the resulting cell pellets were resus-

pended in 200 µL of PBS adjusted at pH 6.8. Triplicates on independent cultures were

performed as well as duplicates by strain on each plate (6 repetitions for control strains).

III.1.2.4 Bacterial cultures for atomic force microscopy

Cultures were prepared according to Guerin et al. (2018a). Precultures of Lactobacillus

aquaticus DSM 21051 and Lactobacillus sharpeae DSM 20505 were prepared by inocu-

lating 9 mL of MRS broth with 100 µL of bacterial stock and grown overnight at 37 ◦C.

These precultures were used to inoculate 9 mL of fresh MRS broth the next day and

the growth was performed at 37 ◦C until an optical density of 1.2 was reached at 660

nm (for about 8 h). Cultures were then centrifuged at 3,000 g for 10 min at 156 room

temperature. Pellets were suspended in 1 mL of PBS (pH 6.8).
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Identification of adhesive

interactions

III.2.1 Microplate coating

Six-well high-binding microplates were used for microscopy measurements (Costar 3506,

6-well cell culture plate, non-pyrogenic polystyrene, Corning Inc.). Other experiments

involved 96-well microplates (Corning 3361, 96-well assay plate, clear flat bottom, high-

binding, polystyrene sterile, and Corning 3370, 96-well assay plate, clear flat bottom,

medium binding, polystyrene sterile, Corning Inc.). Two hundred microliters vs. 1.5

mL of the milk component solution were then respectively introduced by well on high-

binding 96-well vs. 6-well microplates (for shearing experiments, one half of each mi-

croplate contained β-lactoglobulin-filled wells, and the other half contained BSA-filled

wells). Microplates were stored at 9 ◦C overnight. Immobilization occurred through

physicochemical interactions between the microplates’ material and the components of

interest. Wells were washed twice the next day with 300 µL vs. 3 mL of PBS supple-

mented with the blocking reagent Tween 20 (PBST, 5 % Tween 20 v/v, pH adjusted at

6.8) and adjusted at pH 6.8, respectively for 96- well vs. 6-well microplates.
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III.2.2 Strain adhesion and growth monitoring

One hundred and twenty µL and 1.5 mL of each diluted bacterial suspension were intro-

duced into each well of high-binding 96-well and 6-well microplates, respectively, where

the milk components had been immobilized. This was done either manually (cultures in

tubes and 6-well plates) or automatically (cultures in 96-well plates). The high-binding

microplates were incubated for 1 h respectively either at 37 ◦C for the LGG strains when

validating the method, or 30 ◦C for the collection of 73 LAB strains in order to match the

diversity of the growing conditions for all strains [Gomand et al., 2018]. Each well was

then washed 5 times using 300 µL and 3 mL of PBST (pH 6.8) for 96-well and 6-well mi-

croplates, respectively, to eliminate non-adherent strains. Two hundred microliters and

1.5 mL of MRS for 96-well and 6-well microplates, respectively, were finally introduced

into each well and bacterial growth was monitored through OD595nm measurements over

24 h (respectively 48 h for the collection of 73 LAB strains). For 96-well microplates, 5

µL of fresh, non-diluted cultures of LGG WT, spaCBA, welE, and welE-spaCBA were

also added into additional wells already filled in with MRS; these wells stand for con-

trols allowing to assess the viability of the strains tested through growth monitoring. All

actions featuring 96-well microplates were automatized using automated liquid handling

system for 96-well microplates.

III.2.3 Correlation between bacterial growth and bacterial

adhesion

The wild type strain and derivative mutant strain spaCBA CMPG 5357 were tested with

β-lactoglobulin using two 6-well microplates. Culture in tubes were performed and bac-

terial adhesion was assayed in two microplates in parallel. Adhesion ability was measured

either directly by visual observation of adhered cells using a microscope, or indirectly by

monitoring growth. Microplates used for microscopic measurements were dried, stained

with crystal violet and washed with PBS (pH 6.8). The wells were then emptied, washed

once with 1.5 mL of PBS (pH 6.8) and dried out again. Microscopic observations were
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Figure III.2.1: Visual representation of the times values tstart at which apparent growths
start and the corresponding levels of adhesion for three hypothetical strains presenting
adhesive differences.

performed using an Olympus microscope alongside with Toupcam software. Experiments

were performed in triplicates for independent cultures with duplicates by strain.

III.2.4 Strain growth comparison

Strain growth comparison was performed using (i) times at which the apparent bacterial

growth starts, called tstart , and (ii) Minimum Adhesion Values (MAV). Figure III.2.1

gives a visual representation of the equivalence between the tstart and the level of adhe-

sion for three hypothetical strains presenting different adhesive affinities: S1 is a highly

adhesive strain, S2 a medium adhesive strain, and S3 a poorly adhesive strain.

The time values tstart match an OD595nm threshold which was defined according to

the baseline corresponding to the absence of growth detection. This baseline was defined

by experiment and baseline values used range from 0.3 to 0.4. The higher the tstart values

are, the later the growth starts i.e. the fewer bacteria have adhered i.e. the lower the

affinity. In order to be proportionally and visually representative of adhesion ability the

value of 1000/tstart was calculated.

For a given strain, the Minimum Adhesion Value corresponds to the difference be-
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tween the smallest averaged tstart (highest adhesion) obtained on a control without β-

lactoglobulin, and the highest tstart (lowest adhesion) obtained on β-lactoglobulin:

Minimum Adhesion Value (MAV) = (tstart − σ)control − (tstart + σ)β−lac (III.2.1)

Where σ stands for standard deviation. A strain is considered to adhere to β-lactoglobulin

if its MAV is significantly superior to zero for all three series of experiments.
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Characterisation of adhesive

interactions

III.3.1 Adhesive interactions characterised through atomic

force microscopy

Atomic force microscopy (AFM) allows observing and characterising the physico-mechanical

properties of a surface, but also interactions occurring between two components of in-

terest, one of them being fixed on the probe which is then called "functionalized", and

the other immobilized on a piezoelectric surface (Figure III.3.1). Monitoring structural

dynamics in response to environmental stimuli is also possible [Burgain, 2013]. Two

main acquisition modes can be distinguished: the topographic mode and the spectro-

scopic mode. In our case, we used the spectroscopic mode to characterise the interactive

behavior between bacterial cells (immobilized on mica) and dairy components. The to-

pographic mode was only used to ensure that interactions monitored were those between

the cells and the dairy components (and not the mica itself).

Protocols used in this part have been adapted from previous work [Guerin et al.,

2018b]. Briefly, in our case, this method consists in immobilizing the bacterial strains of

interest on functionalized gold-coated mica by deposing the bacterial suspension during
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15 h at 4 ◦C (pH 6.8). The mica is rinsed with PBS (pH 6.8) before use. Milk proteins

are prepared in distilled water (1 % w/w) and adsorbed on modified AFM probes (gold-

coated and with NH2-terminated PEG linker) by immersion for 15 h at 4 ◦C and then

rinsed with milli-Q-grade water before use. Force measurements are performed at room

temperature in PBS buffer (pH 6.8). AFM force distance curves are obtained by following

the cantilever deflection as a function of the vertical displacement of the piezoelectric

scanner with a scan speed of 400 mm/s. Adjustments to this protocol are listed below.

III.3.1.1 Preparation of bacteria-coated mica and protein-coated tips

According to Guering et al. (2018a), a mica coated with a gold layer functionalized

with a NH2-terminated PEG-linker (Novascan, Ames, Iowa, USA) was used, as well as

AFM probes with borosilicate glass particle (2 µm), coated with gold and modified with

NH2 terminated PEG linker (Novascan, Ames, Iowa, USA). The bacterial suspension is

deposed on mica at 4 ◦C and left overnight (pH 6.8). Preparation of the β-lactoglobulin

and Bovine Serum Albumine (BSA) 1 % (w/w) solutions (Sigma-Aldrich Co. LLC, St

Louis, MO, USA) was done according to Guerin et al. (2018a). Probes tips were left

to incubate overnight at 4 ◦C in wells containing 1 mL of the β-lactoglobulin or BSA

solutions to maximize protein adsorption. β-lactoglobulin was the candidate protein

tested and BSA was the negative control.

III.3.1.2 Atomic force microscopy measurements

Protocol followed is described by Guerin et al. (2018a) and experimental settings are

represented in Figure III.3.1. AFM allows obtaining force-distance curves from cantilever

deflections as a function of vertical displacements of the piezoelectric scanner such as

represented on Figure III.3.2. Deflection events are measured using a laser beam focused

on the terminal part of the cantilever (Fig. III.3.1). Deflection events are then converted

to forces using Hooke’s law F = −kd where k is the cantilever spring constant in N.m−1

and d the cantilever deflection in m. Force-distance curves are obtained in two steps (Fig.

III.3.2). The probe tip and the surface are first far apart from one another (1). As the tip

gets closer to the surface, the cantilever may bend up- or downwards due to attractive or
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Figure III.3.1: Experimental settings of atomic force microscopy (AFM) when measuring
adhesive interactions between lactobacilli (Lactobacillus aquaticus DSM 21051 e.g.), and
milk proteins.

repulsive forces (2). The probe finally comes into contact with the surface when attractive

forces exceed the sum of the spring constant and the gradient of repulsive forces (3). The

second step consists in the probe retraction from the surface (Fig. III.3.2). Retraction

curves resulting from this step are the ones that have been analyzed in our study. As the

probe pulls away from the surface, interactions may cause the stretching of components

involved in the interaction thus giving an evaluation of their viscoelastic properties (4).

Eventually, the probe detaches from the sample (5). The number of rupture peaks,

the maximal adhesion force, the maximal rupture force, and the rupture length are all

characteristics of the interaction and components studied. For a given experiment many

force-distance curves are analyzed. The percentage of specific signatures observed on

all curves analyzed which is called "percentage of adhesive events" constitutes therefore

another indicator of the interaction specificity. In our case, we focused essentially on
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Figure III.3.2: Typical force-distance curve obtained using atomic force microscopy in
spectroscopic mode for specific interactions occurring between a functionalized probe and
an interacting surface.

three indicators: the percentage of adhesive events, the adhesion force, and the rupture

length.

Force-volume measurements are performed at room temperature in PBS buffer (pH

6.8) using a Bruker Bioscope Resolve atomic force microscope (Bruker corporation, Santa

Barbara, CA) mounted on an inverted microscope (DMi8, Leica 171 microsystems). The

spring constants of the cantilevers was measured using the thermal noise method and

found to be 0.01 N m−1. Force distance curves were recorded between the bacteria

deposited on functionalized mica and the probe coated with β-lactoglobulin or BSA.

Some shortcomings of this method can be pointed out. Like all microscopic meth-

ods, the representativity of the data sets analyzed remains a sensitive subject. Several

repeats must be done to ensure the reliability of the results. Also, as the two com-

ponents/organims involved in the interaction are immobilized (one on the probe, the

other on the surface), part of complex components such as unfolded globular proteins

or micelles may be overexposed. The interaction is "forced to occur" between the two
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components/organisms: therefore, it may not be representative of interactions occurring

in suspensions, where the part exposed in AFM may remain hidden within the structure

in its native state. Therefore, it is interesting to compare this technique with other less

"invasive" techniques mimicking conditions closer to real suspensions.

III.3.2 Adhesive interactions imaged by confocal microscopy

The cultures were prepared as described in Section III.1.2, then centrifuged at 3,000

g for 10 min at room temperature. Pellets were suspended in 10 mL of WPI solution

(15 %, w/w). The WPI solution was prepared using PRODIET 90 S (Ingredia, Arras,

France) which is a soluble milk protein isolate containing native whey proteins including

β-lactoglobulin. One milliliter of resuspended cells was stained with the LIVE/DEAD

BacLight viability kit (1:200 v/v; LIVE/DEAD BacLight viability kit was prepared ac-

cording to the procedure described for the kit L13152 by ThermoFisher Scientific). Two

hundred microliters of suspension containing LAB were introduced on chambered glass

slides (Nunc Lab-Tek, ThermoFisher Scientific). Confocal Laser Scanning Microscopy

(CLSM) images were taken using a Leica TCS SP5-X-AOBS confocal laser scanning mi-

croscope (Leica Microsystems CMS GmbH, Mannheim, Germany) equipped with WLL

lasers. Experimental settings are represented in Figure III.3.3. The objective lens used

was a HCX PL APO CS 100 x 1.40 (oil immersion). The excitation wavelength was

488 nm and emission bandwidth was of 495-510 nm for SYTO 9 and 600-620 nm for

propidium iodide.
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Figure III.3.3: Experimental settings of confocal laser scanning microscopy (CLSM) when
observing bacterial spatial distribution relatively to fat globules in various milk media.
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III.4

Shearing experiments

Bacterial adhesion to β-lactoglobulin and bacterial chain size distribution were experi-

mentally evaluated on model strains before and after shearing in order to estimate the

impact of shear stress on bacterial functionality and physical state. In this study, bac-

terial adhesion was considered to constitute an indicator of bacterial surface integrity.

Bacterial adhesion to bovine serum albumin (BSA) was also recorded as a negative con-

trol, owing to the low adhesive affinity of LGG for BSA [Guerin et al., 2018a,Guerin et al.,

2016,Gomand et al., 2018]. A general overview of the experimental setup is displayed in

Figure III.4.1.

III.4.1 Calculation of spray-drying characteristic shear rates

Bacterial suspensions were sheared using a bi-fluid nozzle composed of a Fluid Cap 60100

and an Air Cap 120 (Spraying Systems Co., Wheaton, IL, USA; inner and outer diameters

of the liquid channel: DiL = 1.524 mm and DoL = 2.540 mm; air channel inner diameter:

DA = 3.048 mm). The bacterial suspension was pumped into the nozzle through a 48-

mm tube using a peristaltic pump (VWR International Europe bvba, Leuven, Belgium)

such as presented in Fig. III.4.1. Liquid flow rate was fixed at q̇B = 20.3 ± 0.32 mL.s−1.

Shear rate was monitored by modifying the air pressure (0.2, 0.4, 0.6, 1, and 4 bars).

A review on two-fluid atomization written by Hede et al. (2008) [Hede et al., 2008]

and a study performed by Ghandi et al. (2012) [Ghandi et al., 2012] were used to calculate

113



Chapter III.4. Shearing experiments

%

N

%

N

γ1 γ2 γ3

Initial
distribution

Initial bacterial state

1

Bacterial chain 
size distribution

Functionality:
Adhesion to β-lac

Well
β-lac 

coating
Bacterial 

cells

1

2

2
Shearing of bacterial suspensions

at different shear rates γ

Bacterial
suspension 

(sample)

Peristaltic pump

tube
two-fluid

nozzle

Expected final bacterial state

3

Bacterial chain 
size distribution

1

Functionality:
Adhesion to β-lac

2

γ1 γ3
γ2

sheared bacterial 
suspension

manometer

1   2   3   4   ...     >10  Flocs 1      2      3      4      5           ...           >10     Flocs

Figure III.4.1: Overview of the experimental system allowing the determination of the
impact of shear stress on bacterial functionality (through bacterial adhesion) and bac-
terial physical state (through bacterial chain size distribution); "β-lac" stands for "β-
lactoglobulin".

the shear rates corresponding to the investigated range of air pressures. Hede et al. give

a comprehensive overview of the role of formulation, nozzle geometry, and feed and gas

flow rates for two-fluid nozzles introducing basic nozzle theory and thermodynamics,

and can be referred to for more detailed information on these matters [Hede et al., 2008].

Ghandi et al. (2012) give directions to determine characteristic shear rates for an external

mixing two-fluid nozzle such as represented in Figure III.4.2 from the velocities of air and

bacterial suspension vA, vB, the mass flow rates of air and bacterial suspension ṁA, ṁB,

and nozzle characteristics (diameters DiL , DoL , DA). Characteristic shear rates were

calculated based on the two following equations [Ghandi et al., 2012]:

γ̇ =
2(vav − vB)

DiL

(III.4.1)

vav =
vAṁA + vBṁB

ṁA + ṁB
(III.4.2)

Where vav is the average velocity in the mixing zone, assuming transfer of momentum

between the bacterial suspension and air which both leave the atomization zone at con-
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vA , mA , qA , ρA

Bacterial suspension
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DOL

DIL
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Bacterial
suspension
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Figure III.4.2: Vertical (left) and horizontal (right) cross-sections of the external two-
fluid nozzle used for shearing experiments, adapted from Ghandi et al. (2012) [Ghandi
et al., 2012]. Bacterial suspension and atomization air respectively have velocities vB, vA,
mass flow rates ṁB, ṁA, volumetric flow rates q̇B, q̇A, densities ρB, ρA, and vav average
velocity in the mixing zone; inner and outer diameters of the liquid channel: DiL , DoL ;
air channel inner diameter: DA.

stant velocities, respectively vB, vA. Air and liquid velocities were calculated using the

following relationships:

vA =
q̇A

πD2
A

4
−
πD2

OL

4

(III.4.3)

vB =
4q̇B

πD2
iL

(III.4.4)

The liquid and air volumetric flow ratesn q̇B, q̇A were determined experimentally; q̇B

was found to be independent of applied air pressure, and q̇A was measured at ambient

temperature (20 ◦C) using a gas meter (Gallus G4, Itron) for air pressures of 0.2, 0.4,

0.6, and 1 bar. This experimental set of flow rates was combined with the nominal flow

rate at 4 bars given by the supplier in the technical sheet and a polynomial model was

fitted allowing linking the air flow rate to the air pressure (with q̇A in L.min−1 and P in
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bars):

q̇A = −1.67 P 2 + 26.78 P + 30.58, R2 = 0.999 (III.4.5)

The mass flow rates have been calculated using the relation ṁ = ρq̇ where ρ is

the fluid density (in kg.m−3) and q̇ the volumetric flow rate (m3.s−1). The bacterial

suspension density ρB has been averaged experimentally on 10 samples of 10 mL of

bacterial suspension in PBS with an optical density of 0.8. The relevant parameters used

to calculate characteristic shear rates have been gathered in Table III.4.1.

Parameter Unit Bacterial suspension Air
Di mm 1.524 3.048
DO mm 2.540 NA
ρ kg.m−3 1025.8 1.204
q̇ L.min−1 20.3×10−3 ± 0.32 34.8 ± 0.4

41.8 ± 0.4
47.2 ± 0.7
54.8 ± 1.2
111 (fitted nominal value)

Table III.4.1: Parameters used to determine the characteristic shear rates used in shearing
experiments. Di, DO inner and outer channel diameters; ρ densities; q̇ volumetric flow
rates; The different values of ˙qA correspond to different air pressures (0.2, 0.4, 0.6, 1, and
4 bars). "NA" means "Non Applicable".

For each air pressure, 5 mL of sheared bacterial suspension were sampled at about 50

cm of the nozzle exit. Five milliliters of sheared bacterial suspension were also collected

at 0 bar air pressure, to determine whether going through the nozzle itself could impact

bacterial functionality. In this case, the shear rate was determined using the following

formula:

γ̇ =
2vB
DiL

(III.4.6)

Based on these calculations, the characteristic shear rates investigated in shearing ex-

periments have been gathered in Table III.4.2. A linear relationship can be established

between the air pressure and shear rate:

γ̇ ≈ (1.93× 105)P + (2.89× 105), R2 = 0.996 (III.4.7)
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Air pressure (bar) Characteristic shear rate (105s−1)
0 0.00244
0.2 3.0
0.4 3.7
0.6 4.2
1.0 4.9
4.0 11

Table III.4.2: Characteristic shear rates and air pressures applied in shearing experiments.

with γ̇ in s−1 and P in bars.

The influence of repeated shear stress was also studied by shearing three times the

same bacterial suspension.

III.4.2 Functionality assessment

Bacterial functionality was evaluated through bacterial adhesion to β-lactoglobulin using

the method described by Gomand et al. (2018) [Gomand et al., 2018]. Briefly, sheared

and control (without shearing) bacterial suspensions were diluted until reaching an op-

tical density of 0.5 at 595 nm. One hundred and twenty microliters of diluted sampled

were then introduced into each well of the high-binding 96-well microplates containing

immobilized β-lactoglobulin and BSA and left 1 h for incubation at 37 ◦C. Each well

was then washed 5 times using 300 µL of PBST (pH 6.8) to eliminate non-adherent

strains. Two hundred microliters of MRS were finally introduced into each well and bac-

terial growth was monitored through measurements of optical density at 595 nm over

20 h. The quicker the apparent growth started, the higher the bacterial affinity towards

β-lactoglobulin, i.e. the less shear-impacted the bacterial suspension. Strain growth com-

parison was performed using times at which the apparent bacterial growth starts (right

after the lag phase), called tstart, and results have been expressed in terms of 1000/tstart

to match high adhesion abilities with high values [Gomand et al., 2018].
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III.4.3 Bacterial chain distribution assessment

Bacterial chain distribution was evaluated through microscopic observations. For each

assay, 5 µL of half-diluted sheared and control bacterial suspension were sampled, dried,

stained with crystal violet, and washed with distilled water. Microscopic observations

were performed using an Olympus microscope (Olympus Corp., Shinjuku, Tokyo, Japan)

alongside with Toupcam software (ToupTek Photonics, Zhejiang, P.R. China). Thirty

pictures by sample were taken and analyzed.
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III.5

Model and numerics

III.5.1 Model presentation

The model developed and used in this section allows representing elastic chains of bodies

of various shapes and sizes in a shear flow as presented in Figure III.5.1 and has been

adapted from Mitchell & Spagnolie [Mitchell and Spagnolie, 2017]. Modeling for chains

of bacteria experiencing shearing, bacterial chains were represented as chains of ellipsoids

in a pure shear flow, i.e., no extensional flow component was considered (Figure III.5.2).

Flow is studied locally around bacteria, therefore viscous forces are dominant and the

Reynolds number Re ≈ 0. All bacterial cells are identical ellipsoids ("bodies") of same

half-length a and half-width b, connected to one another by clusters of springs, each

connection featuring sixteen springs in 3D. Surface traction forces can be tracked visually

by color scale changes on the surface of each body (Fig. III.5.1 and III.5.2).

III.5.2 Hydrodynamics with a traction integral equation

The flow in this problem is driven by the spring forces described in the next subsection

together with the influence of an imposed linear background flow. We will consider a

boundary integral equation method for solving the mobility problem, that is, we impose

net forces and torques and we seek rigid body motions. To derive the integral equation,

we begin from a formulation known as the completed traction boundary integral equation,
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Figure III.5.1: General representation of an elastic chain of bodies of various shapes and
sizes (top) and the equivalent output generated by the model (bottom) in a shear flow.
The position of each body i of radius A or half-length b and half-width a is defined by
a centroid xi. Color scale changes on the model output represent variations in surface
traction forces on each body. Maximal traction force location by body is represented
by an open circle. The color scale is reset at each timestep, therefore a given color
corresponds to different values at different times.

henceforth referred to as the CTBIE [Mitchell and Spagnolie, 2017,Keaveny and Shelley,

2011]. The advantages of the CTBIE include the desirable conditioning of second-kind

integral equations and the ability to directly solve for surface tractions, which in our

case will be useful to evaluate the extend of shear-induced damage to the bacterial cell

surface. This method presents two general limitations, that are (i) the restriction to rigid-

body motions, which will be triggered in the present study in the limit of tiny bending

and stretching displacements, and (ii) the discretization of the continuous equation for

the purpose of solving for traction forces over the surface of the bodies, requiring an

adaptive timestepping method when two particles approach each other more closely than
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Figure III.5.2: Visual representation of a model 3-cell bacterial chain in a shear flow (a)
and output of the numerical model with full hydrodynamic color scale for surface traction
forces (b); a, b, r, and d are respectively the dimensionless half-length and half-width of
one ellipsoid, the dimensionless radius of the cluster of springs connecting one ellipsoid
to the other, and the resting distance separating one ellipsoid from the other. Maximal
traction force location by body is represented by an open circle.

the typical mesh scale, which cost increases with the flexibility of the system. Both

limitations appear neglectable in our case as we mostly solved in the limit of rigid body

motion, assuming that bacterial chains are stiff to some extent.
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For the case of a single body, the equation has the form

1

2
fj(y) +

1

8π
nk(y)

ˆ P.V.

D
Tijk(y

′,y)fi(y
′)dSy′ +

1

8π

ˆ
D
Cij(y

′,y)fi(y
′)dSy′

−µ (Uj + εjk`Ωk(y` − Y`))

= −µ(Ajk +Akj)nk(y) +
µ

2
(Ajk −Akj)yk +

µ

2
(Ajk +Akj)Yk.

(III.5.1)

The quantities appearing in this equation are:

• D, the particle surface

• f , the hydrodynamic surface traction, i.e. fi = σijnj

• n, the normal vector pointing from the body into the fluid

• y, any source point on the particle surface (the equation must hold for any y ∈ D)

• Tijk(y′,y) = −6(y′i − yi)(y′j − yj)(y′k − yk)|y′ − y|−5, the free-space stresslet

• Cij(y′,y) = δij/r + rirj/r
3 + εm`jεmpirp(y` − Y q

` ) with ri = x − Y q and r = |r|,

the adjoint of the Power and Miranda completion flow

• U and Ω, the rigid-body translational and rotational motions of the particle

• A, the matrix defining the linear background flow through uBGi = Aijxj

• µ, the viscosity

• Y , the particle centroid

This equation holds for each y on the particle surface D; the stresslet integral has to be

interpreted in the principal value sense because the integrand diverges as y′ → y. We

note that U and Ω appear on the left-hand side of (III.5.1) because they are unknowns

in the mobility formulation; to impose a given force and torque we also enforce the six

scalar equations

F =

ˆ
D
f(y′) dSy′ , L =

ˆ
D

(y′ − Y )× f(y′) dSy′ . (III.5.2)
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III.5.2. Hydrodynamics with a traction integral equation

We now adapt the system (III.5.1)-(III.5.2) for a flow with several independently moving

particles. To do this we replace D with a union of particle surfaces ∪Np=1Dp with centroids

{Y p}, subject respectively to forces F p and torques Lp. This yields a new equation which

holds for each source point y on the surface of each particle Dq. Separating the integral

over Dq from the others, we obtain

1

2
fj(y) +

1

8π
nk(y)

ˆ P.V.

Dq

Tijk(y
′,y)fi(y

′)dSy′ +
∑
p6=q

1

8π
nk(y)

ˆ
Dp

Tijk(y
′,y)fi(y

′)dSy′

+
N∑
p=1

1

8π

ˆ
Dp

Cij(y
′,y)fi(y

′)dSy′ − µ
(
U qj + εjk`Ω

q
k(y` − Y`)

)
=− µ(Ajk +Akj)nk(y) +

µ

2
(Ajk −Akj)yk +

µ

2
(Ajk +Akj)Y

q
k

(III.5.3)

where U q + Ωq × (y−Y q) is the rigid motion of the q-th particle. Because y is exterior

to the other surfaces, the remaining integrands are smooth. To regularize the integrand

over Dq we use a singularity subtraction as in Mitchell and Spagnolie (2017) [Mitchell

and Spagnolie, 2017]. The resulting equation together with the force and torque balance

is

1

8π

ˆ
Dq

Tijk(y
′,y)

(
fi(y

′)nk(y) + fi(y)nk(y
′)
)
dSy′ +

∑
p6=q

1

8π
nk(y)

ˆ
Dp

Tijk(y
′,y)fi(y

′)dSy′

+
N∑
p=1

1

8π

ˆ
Dp

Cij(y
′,y)fi(y

′)dSy′ − µ
(
U qj + εjk`Ω

q
k(y` − Y

q
` )
)

(III.5.4)

= −µ(Ajk +Akj)nk(y) +
µ

2
(Ajk −Akj)yk +

µ

2
(Ajk +Akj)Y

q
kˆ

Dq

fj(y) dSy = F qj ,

ˆ
Dq

εjk`(yk − Y q
k )f`(y) = Lqj (III.5.5)

For the computations presented in this work, we discretize the system (III.5.4)-

(III.5.5) using a collocation scheme where the continuous equation (III.5.4) is enforced

only on a finite collection of points y ∈ {xn}Nxn=1 which coincide with the nodes of quadra-

ture rules surface integration rules for each body. We employ discrete quadrature rules
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based on spherical coordinates with Gauss-Legendre integration in the zenith and the

trapezoidal rule in the azimuth. The subtracted singularity in (III.5.4) still has a bounded

jump discontinuity on Dq at y′ = y, which we address using the simple heuristic of tak-

ing the integrand to be zero there. The resulting linear equation for f and {(Up,Lp)}p

is dense and non-normal and we solve it using GMRES (Generalized Minimal Residual)

after explicitly building the matrix. This scheme was previously found to be second-

order accurate for the case of a single body [Mitchell and Spagnolie, 2017], and since

the integrals over other bodies are smooth we expect the same convergence rate in the

multibody setting, with the caveat previously mentioned that increased discretization or

small timesteps may be required when two particles approach each other more closely

than the typical mesh scale.

III.5.3 Model parametrization for bacterial chains

Parameter Physical meaning Numerical
value

Nbodies Number of bodies in the chain 1 to 5
a Half-length of one ellipsoid 1
b Half-width of one ellipsoid 0.5
d Resting distance separating one ellipsoid from another 1
kL Stretching constant 350
r Radius of the spring cluster (defining bending ability) 0.3
maxf Maximum force leading to chain breakage 106

maxl Maximum torque leading to chain breakage 106

ρg Inertia factor 0
γ̇ Shear rate 1
α Extensional rate 0
Tfinal Duration of the simulation 25
timestepping_method Time-stepping method (Euler or adaptive) adaptive
NT Number of time steps 100
Npics Number of pictures taken 25

Table III.5.1: Numerical parameters used to simulate the behavior and surface traction
forces exerted on bacterial chains in a shear flow for quasi-rigid body motion. All pre-
sented variables are dimensionless and scale with the radius of the smallest body (longest
half-length) defined as the characteristic length scale a.

Parameters and variables used in the model are dimensionless and scale with the

radius (longest half-length) of the smallest cell in the chain, defined as the characteristic
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length scale a. The set of parameters used in simulations of bacterial chains in Chapter

IV.2 is presented in Table III.5.1. The characteristic velocity scale is γ̇a, γ̇ being the

dimensionless shear rate, and the characteristic time 1/γ̇. The dimensionless stretching

constant kL scales with a as follows: kL =
k∗L

µ∗a∗|γ̇∗| , with k
∗
L, µ

∗, a∗, and γ̇∗ respectively

the real values of the stretching constant (kg.s−2), the viscosity (kg.m−1.s−1), the half-

length of one bacterial cell (m), and the shear rate (s−1). Simulations were run at fixed

kL, defined in order to maintain quasi-rigid body motion for chains up to 5 cell-length in

a shear flow of shear rate γ̇ = 1. Because chains evolve in quasi-rigid body motion, the

rotation behavior of a chain is periodic on half its rotation period. Therefore, the duration

of the simulation Tfinal was defined in order to allow approximately for a half-rotation

period for the longest chain tested (number of cells Nbodies = 5). Traction forces were

studied over time on all cells of a chain, for chains with Nbodies varying from 1 (reference

case) to 5, using the full version of the code solving for all hydrodynamic interactions.

Chain breakage phenomena were observed on chains of spherical bodies using the simplest

version of the code not taking into account hydrodynamic interactions in order to limit

computing costs. Indeed, the proximity reached by bodies before breaking is very costly

computationally. Therefore, when studying traction forces over the cells of a chain,

maximum rupture force and torque maxf , maxl were set high enough so that cells would

not get too close (quasi-rigid body motion), i.e. chains would only rotate and slightly

deform in shear flow, and not break. Gravity forces were neglected.
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III.6

Data treatment

III.6.1 Statistical analysis

III.6.1.1 High-throughput screening

For the validation of the high-throughput screening method, results were standardized for

tube cultures using the measured adhesion of LGGWT to β-lactoglobulin averaged for all

experiments; standard errors were calculated. Principal Component Analysis (PCA) was

used to determine which main underlying factors could explain the observed differences

in strain affinities for LGG strains using Unscrambler (CAMO software AS).

In all cases, statistical analysis was performed via t-tests and Tukey tests (cross-

analysis for multiple comparisons of parametric data) for normal data and Wilcoxon-

Mann Whitney and Steel-Dwass tests (cross-analysis for multiple comparisons of non-

parametric data) for data that did not fit normal distribution using Kyplot software

(Kyens Lab Inc.).

III.6.1.2 Atomic force microscopy measurements

Three adhesion force maps (20 µm x 20 µm, 256 force curves) were recorded for each

protein-bacteria interaction analysis. Data analysis was performed using the Nanoscope

Analysis software from Bruker (Santa Barbara, CA, USA) and the last peak was calcu-

lated for each curve before plotting adhesion forces and last rupture length histograms.
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The last peak is used for analysis instead of the maximum peak in order to characterise

the last interacting point between the β-lactoglobulin and the cell receptor and not the

unfolding of a biomolecular domain.

III.6.1.3 Confocal microscopy measurements

Two independent repetitions were performed and approximately twenty representative

images were acquired and analyzed for each sample.

III.6.1.4 Shearing experiments

Bacterial functionality results were normalized for each shearing experiment using the

measured adhesion of control LGG WT (before shearing) to β-lactoglobulin. Cross-

analysis were performed via Tukey HSD (honestly significant difference) tests (parametric

for multiple comparisons) for normal data and Steel-Dwass tests (non-parametric for

multiple comparisons) for data that did not fit normal distribution using Kyplot software

to highlight the main observed differences according to shearing conditions for each strain.

III.6.2 Functional domain prediction for the bacterial sur-

face proteome

Bacterial surface proteins featuring LPxTG motif were predicted using the InterPro re-

source, that provides functional analysis of protein sequences provided in FASTA format

by classifying them into families and predicting the presence of domains and important

sites [Finn et al., 2017]. Protein sequences with LPxTG motif were obtained from Sun

et al. (2015) and were scanned against InterPro’s signatures using the software pack-

age InterProScan [Sun et al., 2015, Jones et al., 2014]. Gene sequence resemblance with

known domains was performed using the Basic Local Alignment Search Tool resource

(BLAST) previously developed [Altschul et al., 1990]. InterProScan analysis allowed

predicting for each predicted protein the family to which it belongs, a homologous su-

perfamily if a match was found, and assigned predicted molecular functions or roles in

biological processes to identified domains and repeats. Signature matches with known

proteins or surface components were provided when available. An example of analysis
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225 - 603
Glycosyl hydrolase, �ve-bladed beta-propellor
domain superfamily (IPR023296)

634 - 788 Concanavalin A-like lectin/glucanase domain superfamily (IPR 013320)

868 - 939 Immunoglobulin-like fold (IPR 013783)

235 - 298 (domain): Glycosyl hydrolase family 32, N-terminal (IPR 013148)
328 - 602 (domain): Glycosyl hydrolase family 32, N-terminal (IPR 013148)
636 - 781 (domain): Glycosyl hydrolase family 32, C-terminal (IPR 013189)
794 - 859 (domain): MucBP domain (IPR 009459)
868 - 938 (domain): Ig-like domain, bacterial type (IPR 022038)
1,019 - 1,060 (domain): Gram-positive LPxTG cell wall anchor (IPR 019948)
1,024 - 1,061 (domain): LPxTG cell wall anchor domain (IPR 019931)

Figure III.6.1: InterProScan functional analysis of the protein GL002236 predicted from
the strain Lactobacillus aquaticus DSM 21051.

for the predicted protein GL002236 of the strain Lactobacillus aquaticus DSM 21051 is

given in Figures III.6.1, III.6.2, and III.6.3.

III.6.3 Model and numerics

III.6.3.1 Bacterial chains

For each simulation, one traction force profile was analyzed by cell, and the location

(identified visually by an open circle on each of the cells such as represented in Figure

III.5.2) and intensity of the maximum surface traction force MaxSTF exerted on each cell

were monitored over time. Variations in distance di−i+1 between cells i and i+ 1, as well

as cells rotation rates Ωi, and traction forces exerted at both ends of each cell, were also

recorded and compared between chains of different lengths, as well as for all cells within

a given chain.
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Chapter III.6. Data treatment

Figure III.6.2: InterProScan functional analysis of glycoside hydrolase, family 32, pre-
dicted from the protein GL002236 of the strain Lactobacillus aquaticus DSM 21051.
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III.6.3. Model and numerics

Figure III.6.3: InterProScan functional analysis of the protein GL002236 predicted
from the strain Lactobacillus aquaticus DSM 21051: detailed signature matches. 131
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Chapter III.6. Data treatment

III.6.3.2 Dumbbells

Parameters monitored depend on the case studied i.e. rigid body motion (RBM) or flex-

ible regimes ("locking-tumbling"), and are precised by case in the text. Three indicators

were built and analyzed on each dumbbell body to help compare the dynamics of the

different cases:

• The periodicity of period T (dimensionless number) of the body behavior (rotation,

locking, swinging),

• The first time tπ/2 at which the system rotation angle ζ reaches π/2 (expressed in

% of period completion), and

• The highest (absolute) rotation rate value Ωhigh reached over the course of one

period.
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IV.1

Identification and characterisation

of adhesive interactions

IV.1.1 Method development to identify adhesive interac-

tions

IV.1.1.1 Method concept

Milk components are immobilized on the surface of 96-well adherent microplates exhibit-

ing high affinity for charged polymers such as represented in Figure IV.1.1.

Microplates are then washed with a blocking agent to remove all unbound molecules

and to block the sites that had remained empty. Strain suspensions are then added

into the wells and incubated for 1 h in order to allow bacterial adhesion to the immo-

bilized components. Non-adherent bacteria are removed by successive washes using the

same blocking agent. The amount of immobilized bacteria is measured through bacte-

rial growth monitoring (turbidity measurements at 595 nm) after the addition of culture

growing medium in the wells. The higher the initial quantity of bound bacteria, the

earlier the growth starts.
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Figure IV.1.1: Main steps of the high-throughput screening method allowing estimating
quickly the affinity of a wide range of strains for various components.
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Figure IV.1.2: Relationship between indirect adhesion measurements through bacterial
growth start times monitored through optical density measurements at 595 nm (a) and
direct measurement of bacterial adhesion through microscopy observation (b). All series
are significantly different from one another except when mentioned otherwise. Levels of
significance are indicated on the figure (** stands for P ≤ 0.01 and *** for P ≤ 0.001).
Standard errors are represented.

IV.1.1.2 Correlation between bacterial growth and bacterial adhesion

The growth monitoring of adherent bacterial cells show that the time required for the

apparent growth to start (tstart) is shorter for the LGG WT in wells coated with β-lac

compared to control wells (Figure IV.1.2a).

Microscopic observations reveal that LGG WT adheres approximately fifteen times
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Chapter IV.1. Identification and characterisation of adhesive interactions

more to β-lac than to control wells (Figure IV.1.2b). Compared to LGG WT, the non-

adherent mutant strain spaCBA showed high tstart values when the adhesion assays

were performed both in wells coated with β-lac and in uncoated wells. Accordingly low

adhesion ability was recorded under the same conditions for the mutant strain spaCBA

by microscopy observation. These results show the adhesion ability is inversely related

to the time required for the growth to start (tstart) after adhesion assays. For more

convenience, in the manuscript the adhesion ability will be expressed as 1000/tstart, to

which it is directly related.

IV.1.1.3 Affinity results for the model strain LGG WT and three mu-

tant strains

IV.1.1.3.1 Tube culture assays

Strain differences by component. Globally, the values of 1000/tstart are very low for

all components for the mutant strain spaCBA when compared those obtained for LGG

WT; this means that the mutant strain spaCBA adheres less to all components compared

to LGG WT. These results were confirmed significantly on β-lac, α-lac, and MFGM and

trend differences were observed for the other tested components (Figure IV.1.3).

A contrario, all 1000/tstart values were significantly high for the mutant welE whichever

strain it was compared to, except for β-lac and α-lac when compared with LGGWT. This

means that the mutant strain welE is more adhesive to almost all components compared

to the three other strains. The strains spaCBA and welE can therefore be considered

respectively the least and most adhesive strains. The double mutant welE-spaCBA fea-

tures a low-affinity behavior very close to the spaCBA behavior as the 1000/tstart values

obtained for this strain are significantly lower for β-lac, α-lac, and MFGM when com-

pared to those obtained for LGG WT. Although mean comparison of 1000/tstart values

would suggest that the strain welE-spaCBA would be a little more adhesive than the

mutant strain spaCBA on most components, this was not supported statistically.

Component differences by strain. All controls i.e. wells without protein coating are

not significantly different from one strain to another and therefore each control was used
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Figure IV.1.3: The adhesive behavior of Lactobacillus rhamnosus GG and the three
mutant strains for various milk components (*** stands for P ≤ 0.001). Standard errors
are represented.

as a reference for the strain to which it stands (Fig. IV.1.3). The values of 1000/tstart

for LGG WT were found significantly higher for β-lac, α-lac, and MFGM compared to

the values obtained for the control, which means that this strain features a high affinity

for these molecules. A contrario, low values of 1000/tstart for LGG WT were found

for BSA as well as for non-purified milk proteins including caseins and WPI, which

means that LGG WT adheres very little to these molecules compared to the control.

All the values of 1000/tstart for the mutant strain spaCBA were very low and so were

the values of the double mutant welE-spaCBA when compared to the values of their

controls; this implies that the strains spaCBA and welE-spaCBA showed very low affinity

for all the components. The mutant welE however featured high 1000/tstart values for

all components but significantly less for BSA compared to the others. This means that

the strain welE highly adheres to all components although a little less to BSA than to
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the others.

Principal Component Analysis (PCA). Two main factors were found to explain

most of the observed adhesion differences (Figure IV.1.4).
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Figure IV.1.4: The two main factors explaining the observed adhesion differences between
the Lactobacillus rhamnosus GG strains (principal component analysis) for various milk
components.

Both factors relate to changes on the surface of the bacteria considered: 54 % of the

adhesive differences are explained by the presence or absence of pili (first PCA compo-

nent, PC1) and 40 % are due to the presence or absence of exopolysaccharides (second

PCA component, PC2). These two strain characteristics seem to explain most of the

adhesive differences observed for the four strains studied.

IV.1.1.3.2 Microplate culture assays

Results from cultures on 96-well microplates confirmed those obtained via tube culture

assays (Figure IV.1.5) thus validating the method. Microplate cultures can therefore be

substituted to tube cultures; this allows automatizing most steps using an automated

liquid handling system in order to implement high-throughput screening to test a wider

number of strains and components.
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Figure IV.1.5: Confirmation of the adhesive behavior of Lactobacillus rhamnosus GG
and the three mutant strains on milk fat globule membrane (MFGM) with microplate
culture assays. All series are significantly different from one another (*** stands for P ≤
0.001). Standard errors are represented.

IV.1.1.4 Interest of the high-throughput screening approach

Classical biophysical approaches used to evaluate the adhesive behavior of bacteria i.e.

AFM with Single-Cell Force Spectroscopy have been designed to decipher precisely the

interactions between a restricted number of bacteria and [Burgain et al., 2013b,Guerin

et al., 2016,Sullan et al., 2013,Tripathi et al., 2013]. These techniques are time-consuming

and therefore cannot be applied to screen a large number of strains. Some microbiolog-

ical approaches, such as bacterial radiolabeling or FITC labeling, have been developed

which allow to study more strains simultaneously. However labeling is a cumbersome

process which requires many steps [Auletta et al., 2016,Avadhanula et al., 2006,Douil-

lard et al., 2013,Dutta et al., 2017,Kankainen et al., 2009,Shimaoka et al., 2001,Utratna

et al., 2017] whereas the number of steps should be restricted to the minimum when

dealing with microorganisms. In addition, preliminary assays to this study revealed
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Chapter IV.1. Identification and characterisation of adhesive interactions

that FITC abolished the adhesion properties of LGG, probably because FITC directly

bound pili structures therefore preventing cell adhesion to the tested polymers (data not

shown). A recent approach based on bacterial labelling with crystal violet was used to

determine adhesion differences between strains to intestinal mucin [Kimoto-Nira et al.,

2015]. The amount of crystal violet was correlated to the cell affinity for the tested

component. This method derives from a classical approach used to estimate the biofilm

capacity of bacteria [Diaz et al., 2016,Kubota et al., 2008]. However, in our case this

method was not considered applicable because interferences between crystal violet and

dairy proteins were susceptible to occur; dairy proteins such as caseins have indeed been

found to be able to bind crystal violet [Santhanalakshmi and Balaji, 2001]. Two studies

used spectrophotometric methods to screen potential functional ingredients for beneficial

bacteria [Rosendale et al., 2008] and microbial sensitivity of pathogens to honey [Patton

et al., 2006]. Bacteria were incubated in media supplemented with the tested component

and bacterial growth was directly correlated to a positive or negative (inhibitory) impact

of this component. However, both these studies only take into account the initial and fi-

nal optical densities regardless of bacterial growth kinetics; one can wonder whether only

two measurements can be representative of bacterial growth preferences whereas kinetics

could have been monitored through optical density measurements [Lee and Lim, 1980].

Indeed, this might not provide enough information to determine what underlying factor

induced growth differences as the composition of the supplemented medium is complex

and other changes, such as pH variations, may have occurred during growth [Patton

et al., 2006,Rosendale et al., 2008]. In order to estimate with more accuracy the effect

of the tested components on bacteria, it would be more relevant to immobilize them on

a given support and monitor bacterial adhesion to this support, which is possible using

our method.

The approach described in our article allows to screen the adhesion of a wide number

of strains for a range of components while reducing the number of steps. Our method

is not specific to a given strain and do not require to know much information on the

components of interest nor on the tested strains, apart from their growing conditions. It
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has proven to be highly repeatable as standard errors are very low and successive washes

allow to standardize the protocol. By cultivating strains directly in microplates, autom-

atization of all operations allows to fasten and standardize the experiments. However,

preliminary experiments to this study (Fig. IV.1.2) showed that monitoring bacterial

growth is less precise than counting bacteria when determining bacterial affinity for a

given component. Differences between bacterial counts appeared magnified compared to

OD595nm differences when monitoring bacterial growth, and some differences could be

brought to light using microscopy but not through kinetics monitoring such as a higher

adhesion of the mutant strain spaCBA to wells containing β-lac compared to control

wells.

When applied to other strains than LGG, this method may require some adjustments

related to the growth properties of the tested strains, in order to accurately discriminate

adhesion levels between strains and tested components. Such adjustments include the

choice of an adequate OD595nm threshold to discriminate tstart for the different strains,

which must fit a baseline corresponding to the absence of growth detection, defined

according to the average OD (for all strains) during the lag phase of bacterial growth,

plus its standard deviation (rounded to the nearest value). The monitoring duration of

the growth phase might also be extended if needed, for strains featuring a slower growth

rate. Finally, the growing medium, the incubation temperature, and the time allowed for

initial growth of the microplate cultures may also need to be modified to fit best other

strains than LGG.

IV.1.1.5 Choice of blocking reagent

Our experiments and previous work highlighted that bacterial adhesion to dairy com-

ponents can highly vary from one component to another as well as by strain [Burgain

et al., 2014b,Guerin et al., 2016] whereas dairy components such as caseins and BSA are

commonly used in the literature as blocking agents for adhesive assays [Muzzio et al.,

2017,Steinitz, 2000,Vogt et al., 1987]. Diluted Tween 20 in PBS adjusted at pH 6.8 (5 %

v/v) was used as blocking reagent to block remaining empty sites on coated microplates.
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Tween 20 belongs to polysorbate surfactants and contains lauric acid. It is commonly

used as washing agent in immunoblotting and ELISA in order to minimize nonspecific

binding of antibodies and to remove unbound moieties [Diao et al., 2013,Dilly and Rajala,

2008,Gulati et al., 2008,Habashi et al., 2011,Li et al., 2008,Scholler et al., 2008]. Tween

20 is often used to prevent non-specific interactions and especially non-specific binding to

occur [Steinitz, 2000]. Tween 20 can indeed block vacant binding sites after bacterial re-

moval during the washing phase thus preventing low affinity interactions from occurring,

as well as limiting strain interaction with microplates’ material. Since our experiments

demonstrated that bacterial affinity can vary a lot for milk components, including for

caseins and BSA which are traditionally used as blocking reagents, we highly recommend

to use exclusively Tween 20 as a blocking reagent when performing adhesion experiments

in order to avoid biases.

IV.1.1.6 Comparison with atomic force microscopy results

The adhesive behaviors of the strains LGG WT, spaCBA and welE towards caseins,

WPI, and β-lac have previously been studied using AFM [Burgain et al., 2013b,Burgain

et al., 2014b,Guerin et al., 2016]. In addition, the affinity of LGG WT for α-lac and

BSA has also been tested. The affinity of the strains towards the different components

was estimated through the amount of adhesive events occurring during the retraction of

the AFM probe [Burgain et al., 2013b] and are presented in Table IV.1.1.

Both AFM and high-throughput screening show that the strain spaCBA features very

little affinity for caseins, WPI, and β-lac. AFM also reveals that LGG WT and welE

are highly adhesive to both WPI and β-lac and that LGG WT feature a low affinity for

caseins and BSA, all these outcomes being in adequacy with our results. However, LGG

WT and welE are also found to feature a low affinity for α-lac and a high affinity for

WPI whereas when using the screening method LGG WT is shown to adhere as little to

WPI as to caseins and the adhesion to α-lac is similar to the one on β-lac. An hypothesis

which can be proposed to explain this observation is that the screening method could

be sensitive to the degree of purity of the tested components. Pure proteins such as
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Adhesive
events (%) LGG WT LGG spaCBA LGG welE References

Caseins 3.2 ± 1.50 0.05± 0.05 1.6 ±0.78 [Burgain et al., 2014b]

Whey Protein
Isolate (WPI) 53.7± 6.70 0.24 ± 0.15 88.7 ± 0.39 [Burgain et al., 2014b]

β-lactoglobulin 51.4 ± 9.90 0.00 ± 0.00 84.1 ± 3.00 [Guerin et al., 2016]

α-lactalbumin 9.3 ± 3.40 [Guerin et al., 2016]

Bovine Serum
Albumin (BSA) 13.1 ± 0.80 [Guerin et al., 2016]

Table IV.1.1: The different adhesive behaviors of the three Lactobacillus rhamnosus
GG strains (wild type WT, spaCBA pili-depleted, welE exopolysaccharides-depleted)
identified through atomic force microscopy (AFM).

β-lac and α-lac may have been immobilized more efficiently than complex proteins such

as micellar caseins and WPI. Also, β-lac may be entrapped in WPI and therefore less

accessible for bacterial adhesion.

AFM studies have shown that the key component involved in the adhesion with β-lac

had previously been found to be the glycosylated SpaC subunit of bacterial pili [Guerin

et al., 2016]. This explains the very limited adhesion observed for the mutant strain

spaCBA through both AFM and high-throughput screening. Pili are stretched out in the

exopolysaccharides-depleted strain welE which explains its higher adhesive capabilities

for most components compared to the wild strain. These two behaviors were identified

very clearly using high-throughput screening. The higher affinity of LGG WT for β-lac

compared to other components which had previously been demonstrated using AFM was

also revealed through this new binding assay.

IV.1.2 Characterisation of the adhesive potential of 73 strains

and impact on bacterial spatial distribution

IV.1.2.1 Identification of strains adhesive to β-lactoglobulin

Most strains of the collection were found not to be adhesive to β-lactoglobulin as the

average MAV calculated on the 73 strains was negative (-180 ± 22) although higher
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than the MAV of the negative control LGG spaCBA (-386), known to be non-adhesive to

β-lactoglobulin [Guerin et al., 2016]. The microplate adhesive assays revealed four adhe-

sive candidates to β-lactoglobulin amongst the 73 strains tested: Lactobacillus aquaticus

DSM 21051 (MAV = 61.5), Lactobacillus murinus DSM 20452 (MAV = 12.8), Lacto-

bacillus plantarum DSM 13273 (MAV = 12.6), Lactobacillus brantae DSM 23927 (MAV

= 6.97), although these strains were still less adhesive than the positive control LGG

WT (MAV = 104). Nine strains were also found to have a MAV inferior to the one of

the negative control LGG spaCBA: Lactobacillus sharpeae DSM 20505 (MAV = -857),

Lactobacillus kefiri DSM 20587 (MAV = -787), Lactobacillus similis DSM 23365 (MAV

= -780), Lactobacillus pobuzihii DSM 28122 (MAV = -617), Lactobacillus namurensis

DSM 19117 (MAV = 516), Lactobacillus satsumensis DSM 16230 (MAV = -490), Pedio-

coccus parvulus DSM 20332 (MAV = -477), Lactobacillus senmazukei DSM 21775 (MAV

= -404), Lactobacillus lindneri DSM 20690 (MAV = -387). The MAV for all strains are

listed in Appendix A.1.

IV.1.2.2 Biophysical deciphering of adhesive interactions

The adhesive interactions between β-lactoglobulin and the strains at the extremes of the

adhesion spectrum, L. aquaticus DSM 21051 (the most adhesive strain) and L. sharpeae

DSM 20505 (the least adhesive strain) were studied through AFM, in order to characterise

them in further depth. Results are represented in Figures IV.1.6 and IV.1.7.

Only two strains were chosen to precise our understanding of the interaction mech-

anism of the LAB surface with β-lactoglobulin since AFM is not a suitable method for

screening of large populations. This is why we decided to select only the two strains

at the extreme of the adhesion spectrum for this analysis. BSA was used as a negative

control as LAB strains have previously been found to feature low adhesion to it [Gomand

et al., 2018,Guerin et al., 2016]. The percentages of adhesive events (frequencies) ob-

served between L. aquaticus DSM 21051 and the two proteins, β-lactoglobulin and BSA,

were respectively of 82.6 ± 7.1 % and 27.6 ± 10.4 % (Figure IV.1.6a). The frequencies

of adhesive events observed between L. sharpeae DSM 20505 and the same two proteins
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Figure IV.1.6: Comparison of the adhesive properties of two strains (Lactobacillus aquati-
cus DSM 21051, Lactobacillus sharpeae DSM 20505) for whey proteins isolates probed by
atomic force microscopy (AFM): frequency of adhesive events occurring between whey
proteins and L. aquaticus DSM 21051 (a) and L. sharpeae DSM 20505 (b).

were respectively of 3.4 ± 1.5 % for β-lactoglobulin and 2.5 ± 0.6 % for BSA (Figure

IV.1.6b). Typical force-distance curves obtained for the interactions occurring between

the two strains and the AFM probes functionalized with the two proteins are presented,

i.e. L. aquaticus DSM 21051 and β-lactoglobulin (Figure IV.1.7a1), L. aquaticus DSM

21051 and BSA (Figure IV.1.7a2), L. sharpeae DSM 20505 and β-lactoglobulin (Figure

IV.1.7b1), and L. sharpeae DSM 20505 and BSA (Figure IV.1.7b2). During the with-

drawal of functionalized β-lactoglobulin-coated probe from the surface of L. aquaticus

DSM 21051 several specific adhesive events occur (Fig. IV.1.7a1), whereas more than

70 % of the curves observed for BSA-coated probes did not feature any adhesive event

(Figure IV.1.7a2). Moreover, the few adhesive events observed between BSA and L.

aquaticus DSM 21051 appeared to be random and therefore could not be associated to

any specific interaction (Fig. IV.1.7a2). Almost no adhesive event was observed for

both BSA- and β-lactoglobulin-coated probes on L. sharpeae DSM 20505 cells (Figures

IV.1.6b, IV.1.7b1, IV.1.7b2). These results are consistent with those obtained using the

screening method: L. aquaticus DSM 21051 significantly adheres to β-lac whereas poor

adhesion was observed for L. sharpeae DSM 20505. Retraction curves recorded between

147



Chapter IV.1. Identification and characterisation of adhesive interactions
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Figure IV.1.7: Comparison of the adhesive properties of two strains (Lactobacillus aquati-
cus DSM 21051, Lactobacillus sharpeae DSM 20505) for whey proteins isolates probed by
atomic force microscopy (AFM): representative examples of retraction curves obtained
for force measurements between L. aquaticus DSM 21051 and β-lactoglobulin (a1), L.
aquaticus DSM 21051 and BSA (a2), L. sharpeae DSM 20505 and β-lactoglobulin (b1),
and L. sharpeae DSM 20505 and BSA (b2).

L. aquaticus DSM 21051 and β-lactoglobulin attest the specificity of occurring adhesive

interactions, which would happen according to a lock and key mechanism (Fig. III.3.1).

3D-AFM images recorded on mica attest of the good coverage of L. aquaticus DSM 21051

and therefore that adhesive events recorded did occur between L. aquaticus DSM 21051

cells and β-lactoglobulin-coated probes such as presented on Figure IV.1.8.

The biophysical properties of the adhesion between L. aquaticus DSM 21051 and

β-lac were analyzed using additional force parameters including adhesion forces and final

rupture length, respectively presented on Figure IV.1.9a and IV.1.9b.

Retraction curves exhibited adhesion forces averaging around 1.43 ± 0.03 nN. Final
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5 µm

Figure IV.1.8: 3D-AFM (atomic force microscopy) image of Lactobacillus aquaticus DSM
21051 recorded in liquid in phosphate buffered saline.

rupture length averaged around 0.90 ± 0.03 µm. These results will be compared with

those of LGG WT and the mutant strains LGG spaCBA and welE in the discussion

section.

IV.1.2.3 Impact of adhesive interactions on bacterial location

L. aquaticus DSM 21051, L. sharpeae DSM 20505, LGG WT and LGG spaCBA were

first imaged in MRS to make sure that they were originally homogeneously distributed

(Figures IV.1.10a1, IV.1.10b1 and IV.1.11a1, IV.1.11b2).

Live cells of L. aquaticus DSM 21051 were found to aggregate in the WPI solution

whereas L. sharpeae DSM 20505 live cells remained homogeneously distributed (Fig.

IV.1.10a2 and IV.1.10b2). This is consistent with the adhesive properties of the control

strains: LGGWT (positive control) aggregate in the WPI solution whereas LGG spaCBA

remained homogeneously distributed (Figure IV.1.11a2 and IV.1.11b2). Dead bacterial

cells or cells with a damaged membrane gathered in flocs for all 4 strain types (data not

shown).
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b

a

Figure IV.1.9: Interactions between β-lactoglobulin and L. aquaticus DSM 21051 ex-
plored by force measurement using atomic force microscopy: adhesion forces (a) and
final rupture lengths (b); averages of adhesion forces and rupture lengths are precised in
(a) and (b) with standard errors.
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a1 b1

a2 b2

Figure IV.1.10: Spatial distribution of L. aquaticus DSM 21051 and L. sharpeae DSM
20505 in MRS culture medium [A1 and B1] and in whey protein isolate (WPI) solution
[A2 and B2], imaged by confocal laser scanning microscopy (CLSM). Bacterial concen-
tration is 107 u.f.c./ mL. Bacteria cells are represented in green on this figure whether
they are viable or damaged (no difference is made here that would depend on bacterial
status).

a1 b1

a2 b2

Figure IV.1.11: Spatial distribution of LGG WT and LGG spaCBA in MRS culture
medium (a1 and b1) and in whey protein isolate (WPI) solution (a2 and b2), imaged by
confocal laser scanning microscopy (CLSM). Bacterial concentration is 107 u.f.c./ mL.
Bacteria cells are represented in green on this figure whether they are viable or damaged
(no difference is made here that would depend on bacterial status).
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IV.1.2.4 Relation between bacterial adhesion to β-lactoglobulin and

predicted bacterial surface characteristics

IV.1.2.4.1 Presence of pili genes clusters (PGCs)

Predicted bacterial surface characteristics were analyzed in relation to the results of

the adhesive assays in order to delineate gene candidates predicted to encode surface

proteins that could be involved in bacterial adhesion to β-lactoglobulin. Amongst the

73 strains tested, 32 of them possessed at least one sortase-dependent pilus gene cluster

(PGC) and therefore were predicted to express pili on their surface [Sun et al., 2015].

The average MAV of these 32 strains was -163 ± 33.2 whereas the average MAV of the

41 non-piliated strains was -194 ± 30.1. Amongst the 32 strains presenting PGCs, 16

possessed PGCs similar to LGG pilus clusters in terms of gene order, that is, a cluster of

three pilin genes and one pilin-specific sortase gene [Sun et al., 2015]. The MAV of these

16 strains was -165 ± 53.8 whereas the MAV of the 16 strains with PGCs different from

LGG was -160 ± 38.8. Although a mean comparison of the MAV for strains featuring

PGCs compared to non-piliated strains would suggest that the presence of PGCs fosters

adhesion to β-lactoglobulin, this was not supported statistically. No difference could

be observed between strains featuring PGCs similar to LGG WT’s and PGCs different

from LGG WT’s. The number of PGCs, sortase enzymes or proteins with LPxTG motif

(listed for all strains in Appendix A.1) were not found either to impact strain adhesion

to β-lactoglobulin (data not shown).

IV.1.2.4.2 Predicted protein domains candidates for mediating bacterial ad-

hesion to β-lactoglobulin

More predicted surface characteristics were analyzed for the four strains found to be

adhesive to β-lactoglobulin. Predicted protein domains featuring LPxTG motif found

for each strain are listed in Table IV.1.2.

Strains were analyzed for gene sequence resemblance with the spaCBA domain, known

4proteins containing-domains written in bold characters for the four adhesive strains are likely to
mediate adhesive interactions with β-lactoglobulin
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Strain MAV Predicted adhesion-related
protein domains4

Lactobacillus aquaticus DSM 21051 61.5 Immunoglobulin-like fold, MucBP

Lactobacillus murinus DSM 20452 12.8 Immunoglobulin-like fold

Lactobacillus plantarum DSM 13273 12.6
Immunoglobulin-like fold, MucBP,
CMBE-CBM3 (carbohydrate-binding),
fibrinogen-binding, collagen-binding

Lactobacillus brantae DSM 23927 6.97

Immunoglobulin-like fold, Collagen-
binding surface protein Cna-like
(type B), Leucin-rich repeat,
SD-repeat (type B)

Lactobacillus rhamnosus GG WT 104

Immunoglobulin-like fold, MucBP,
Leucin-rich repeat, Fn3-like
(frequently found in the adhesin/invasin
streptococcal C5a), Gram positive
pilin subunit D1 N-terminal
(containing spaCBA domain,
responsible of adhesion to
β-lactoglobulin)

Table IV.1.2: Predicted protein domains with LPxTG motif which may play a role in
bacterial adhesion to β-lactoglobulin. Domains present on L. rhamnosus GG (known to
be adhesive to β-lactoglobulin) are included as a reference. Proteins sequences used were
those provided by Sun et al. (2015).

to be responsible for adhesion to β-lactoglobulin for LGG WT [Guerin et al., 2016] but

no homologue sequence could be identified for any of the four adhesive strains. All

strains are predicted to feature immunoglobulin-like (Ig-like) fold domains, which are

usually involved in binding or molecular recognition processes [Bodelon et al., 2013].

Other and more specific adhesion-related domains present on the five strains studied in-

clude MucBP (mucin-binding), CBME/CBM3 (carbohydrate-binding), figbrinogen- and

collagen-binding domains, cysteine- and leucine-rich domains, and SD-repeat B-domain.

Most of these domains are present once in the genome of the adhesive strains (L. plan-

tarum DSM 13273 is the only adhesive strain presenting 3 MucBP domains) and are not

repeated within a given protein.
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The MucBP domain is the only domain with a known adhesive-related function (apart

from the Ig-like fold domain) which could be identified on L. aquaticus DSM 21051,

the most adhesive strain to β-lactoglobulin. MucBP domains have been found predomi-

nantly in lactobacilli found naturally in intestinal niches, which suggests that they play

an important role in establishing host-microbial interactions in the gut by binding mu-

cus [Roos and Jonsson, 2002,Tassell and Miller, 2011]. L. plantarum DSM 13273 is the

strain featuring the highest number of adhesion-related domains in its genome (Table

IV.1.2). This is also the only strain out of the four presenting fibrinogen- and collagen-

binding domains. The fibrinogen-binding domain has been found to accommodate linear

peptides with a certain degree of ligand sequence variability [Ponnuraj et al., 2003] and

therefore might be able to interact with β-lactoglobulin. L. brantae DSM 23927 features

leucine-rich repeats (LRRs) and SD-repeat (Sdr) domains (Table IV.1.2), both of them

susceptible to play a role in adhesive interactions to β-lactoglobulin. LRRs have been

found to provide a structural framework for the formation of protein-protein binding

and interactions [Gay et al., 1991, Kobe and Kajava, 2001] and are likely to allow a

broad range of ligands [Kobe and Kajava, 2001]. Sdr-repeat domains are surface proteins

that play an important role in Staphylococcus aureus adhesion and pathogenesis [Mc-

Crea et al., 2000,Wang et al., 2013]. The protein containing Sdr-repeat domains may

therefore be a good candidate for mediating adhesion to β-lactoglobulin for the strain

L. brantae DSM 23927. No other adhesion-related domain than the Ig-like fold domain

was identified on L. murinus DSM 20452 (Table IV.1.2), which would suggest that the

protein containing this domain would likely be the one involved in adhesive interactions

with β-lactoglobulin.

IV.1.2.5 Adhesion specificity and common adhesion characteristics

The aim of this study was to evaluate and characterise adhesive interactions occurring

between lactic acid bacteria and β-lactoglobulin. A collection of 73 LAB strains was

screened for their adhesive behavior towards β-lactoglobulin and strains at the extreme

of the adhesion spectrum i.e. a highly adhesive and a poorly adhesive strains were studied
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in further depth.

Only four strains out of 73 were found to present adhesive affinities toward β-

lactoglobulin. Therefore, adhesion to β-lactoglobulin appears not to be a common char-

acteristic of the LAB group. The consequences of these adhesive interactions, when they

occur, are not fully understood. However, it could be hypothesized that strains featuring

adhesive affinities toward whey proteins would be lost during the drainage step of cheese

manufacturing processes, alongside with whey expulsion from the cheese network. It

would be interesting to test the affinity of this same strain collection to other food com-

ponents in future work, in order to dispose of more comparison points to our study and to

get a better understanding of the importance of adhesion to β-lactoglobulin compared to

adhesion to other food components. Currently, the rare existing studies discussing bacte-

rial adhesion to food components other than β-lactoglobulin generally concern up to four

strains at most at a time [De Bellis et al., 2010,Chumphon et al., 2016,Tarazanova et al.,

2017,Tarazanova et al., 2018b,Tarazanova et al., 2018a,Utratna et al., 2017], therefore

failing to provide an overview of adhesion to food components amongst wide bacterial

groups such as the LAB group.

The study performed by Tarazanova et al. (2017) is the only one to our knowledge

that compares the adhesion level of a wide number of strains (55) to food (casein-derived)

components, however these strains are all of the same species, L. lactis [Tarazanova

et al., 2017]. Out of 55, 30–40 strains presented adhesive affinities toward casein-derived

components, depending on their growth phase, and strains isolated from a dairy envi-

ronment presented much stronger binding of milk proteins versus strains isolated from

plants, suggesting a selective advantage [Tarazanova et al., 2017]. However, this was not

confirmed in our case, as the four strains out of 73 that were originally isolated from

dairy products, i.e., Lactobacillus casei DSM 20011, L. paracasei subsp. tolerans DSM

20258, Lactobacillus bifermentans DSM 20003, and L. kefiri DSM 20587, did not present

more adhesive affinities toward β-lactoglobulin in average than the strains isolated from

nondairy sources (data not shown).

The strain found to be the most adhesive to β-lactoglobulin, L. aquaticus DSM
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21051, exhibited a specific adhesive behavior when studied by AFM. The signature of the

observed retraction curves was identified as specific of components stretching, suggesting

that the surface of L. aquaticus DSM 21051 features a strong affinity towards β-lac.

This has also been shown previously for the model strain LGG WT by our team as

well as for the mutant strain LGG welE, expolysaccharide-depleted and known to adhere

more to β-lactoglobulin than LGG WT due to its increased pili exposure [Guerin et al.,

2016,Guerin et al., 2018b]. A contrario, L. sharpeae DSM 20505 which screening results

show not to adhere to β-lactoglobulin presented retraction curves characteristic of a lack

of adhesion to β-lac when studied by AFM (frequency of adhesive events was inferior to

5 %). Similarly, our team demonstrated previously this same fact for the model strain

non-adhesive to β-lactoglobulin, LGG spaCBA [Guerin et al., 2016]. Comparative results

are presented in Table IV.1.3.

Adhesive
events (%) Adhesion forces

to β-lac (nN)

Length of the
stretched

component
(µm)

Reference
To β-lac To BSA

L. aquaticus 82.6 ± 7.1 27.6 ± 10.4 1.43 ±0.03 0.90 ± 0.01 /

LGG WT 51.4 ± 9.9 13.1 ± 0.8 [0.13-0.81] ± 0.01 0.39 ± 0.02 Guerin et al.,
2016

LGG welE 84.1 ± 3.0 88.5 ± 2.5 [0.58-1.31] ± 0.01 0.93 ± 0.03
Guerin et al.,
2016; Guerin
et al., 2017

L. sharpeae 3.4 ± 1.5 2.5 ± 0.6 NS5 / /

LGG spaCBA NS / NS / Guerin et al.,
2016

Table IV.1.3: Comparison of the adhesive capabilities of five strains to β-lactoglobulin
when studied by atomic force microscopy: L. aquaticus DSM 21051, L. sharpeae DSM
20505, and the model strains LGG WT, LGG spaCBA (pili-depleted) and LGG welE
(expolysaccharides-depleted).

The adhesive behavior of L. aquaticus DSM 21051 towards β-lactoglobulin appears

relatively close to the one of LGG welE in terms of frequency of adhesive events. The

high specificity of the adhesion phenomenon occurring between L. aquaticus DSM 21051

and β-lactoglobulin is highlighted by the fact that the frequency of adhesion is almost

5NS i.e. "Non Significant" means that the frequency of adhesive events was inferior to 5 %.
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twice as high as the one characterising adhesive interactions between LGG WT and β-

lactoglobulin, whereas the frequency of adhesion of L. aquaticus DSM 21051 on BSA

is almost four times lower than the one occurring between LGG welE and BSA. The

mean adhesion force recorded on the last peak is also three times higher than the mean

adhesion force recorded for LGG WT and β-lactoglobulin, and higher than the highest

adhesion force recorded on the last peak for LGG welE and β-lactoglobulin, reaffirming

the idea of a very strong specificity and adhesion strength. When comparing the length of

components stretched by adhesive interactions with β-lactoglobulin, L. aquaticus DSM

21051 and LGG welE both exhibit molecules stretched up to 1 µm i.e. three times

longer than the molecule stretched in the case of LGG WT (Table IV.1.3). The molecule

mediating adhesive interactions with β-lactoglobulin in the case of L. aquaticus DSM

21051 is therefore comparable in length to LGG pili when stretched, which may explain

the higher specificity and adhesion strength found for L. aquaticus DSM 21051 compared

to LGG WT, which pili are partially hidden within the expolysaccharides layer [Guerin

et al., 2016].

On the other hand, the frequency of adhesive events observed between L. sharpeae

DSM 20505 and β-lactoglobulin is inferior to 5 % and similar to the frequency of adhesive

events observed on BSA for both this strain and L. aquaticus DSM 21051. The frequency

of adhesive events recorded when using BSA-coated probes is also 4 times lower for L.

sharpeae DSM 20505 than for LGG spaCBA (negative control). Overall, L. sharpeae DSM

20505 has demonstrated very poor adhesive capacities towards β-lactoglobulin. However,

when analyzed for predicted adhesion-related protein domains, this strain revealed a total

of 23 adhesion-related domains, 8 of which being different, including MucBP and Gram

positive pilin subunit D1 N-terminal, although no sequence homologue to the spaCBA

domain was found (data not shown). The spaCBA domain is known to mediate adhesion

to β-lactoglobulin for the piliated strain LGG WT (Guerin et al., 2016). This confirms

that adhesive interactions with β-lactoglobulin are specific, and cannot be predicted

accurately using only genomic predictions (the functions of these domains may not be

accurately predicted or they may not be expressed).
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The gathering behavior observed by CLSM for the adhesive strains in the WPI solu-

tion also pledges in favor of a specific bacterial adhesion to β-lactoglobulin for L. aquati-

cus DSM 21051. CLSM results indicate that the location of bacteria in a dairy matrix

strongly depends on bacterial surface properties. These observations are important as it

was evidenced recently that physical properties of dairy products, such as viscosity and

gel hardness, are affected by bacterial surface properties in the case of surface-engineered

strains [Tarazanova et al., 2018a]. In light of our results, it would be interesting to see

if that is also the case for wild strains presenting different surface properties inducing

different adhesive behaviors. Some peptides shown to be linked to bacterial aggregation

were also recently evidenced to be able to promote bacterial adhesion to functionalized

surfaces and Caco-2-cells [Okochi et al., 2017]. This typical behavior was responsible

for observed enhanced interactions between LAB and the host intestinal mucosa [Okochi

et al., 2017]. Adhesive interactions with β-lactoglobulin leading to the aggregation of

L. aquaticus DSM 21051 and LGG WT cells might therefore be considered for further

study in order to determine whether they would promote such kind of behavior as well.

IV.1.3 Adhesive interactions amongst lactic acid bacteria:

extent and characteristics

Bacterial adhesion is likely to play a key role on the protection and distribution of

probiotic bacteria in a given matrix. However, evaluating and characterising bacterial

adhesion at the LAB group level is difficult because of the lack of reliable, fast methods

allowing assessing bacterial affinity on a wide number of strains.

The new microbiological method developed in Section IV.1.1 answers this need by

allowing determining and comparing quickly affinities by strain and by component for a

wide range of strains and components of interest. It can thus provide a good overview

of all bacteria-components interactions, although slight differences in affinities between

strains or components might require complementary methods to be identified. This

method was validated on four well-known strains for six milk components based on times

at which bacterial growth starts, and results obtained were mostly in adequacy with
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those obtained through AFM. This method only requires to know the growing conditions

of the tested bacteria and involves high-throughput screening and automatized handling

using an automated liquid handling system for 96-well plates. It has a wide range of

applications as it encompasses all fields where determining the affinity of bacteria to a

given range of components can be useful. Direct applications include determining the

efficacy of a range of biopolymers as probiotic encapsulating materials, and the affinity

of pathogenic bacteria to food matrix components compared to intestinal components in

order to help designing food matrices for preventing bacterial infection and host colo-

nization.

In Section IV.1.2, this method was applied to a collection of 73 LAB strain, seeking

to go beyond bacterial species differences in revealing common adhesive characteristics

of LAB in relation to dairy food components such as β-lactoglobulin. We first looked for

LAB species featuring adhesive affinities for β-lactoglobulin, then focused on the molecu-

lar characteristics of this adhesion. We observed adhesion to β-lactoglobulin for few LAB

(less than 6 % of our collection). However, for those which did feature adhesive affinities,

some common characteristics were pointed out that matched the characteristics previ-

ously identified on the model strain LGG. These characteristics include the specificity of

the affinity, as well as the impact on bacterial spatial distribution in the matrix.

Major findings are that (i) Adhesion to whey proteins is apparently not a common

characteristic to the LAB group (few strains presented adhesive affinities towards β-

lactoglobulin), (ii) Strains featuring adhesive affinities towards β-lactoglobulin present

common adhesive characteristics (specific β-lactoglobulin-adhesion domains related to

the specificity of the AFM signature), and (iii) Adhesion to β-lactoglobulin was shown

to strongly influence bacterial distribution in dairy matrices featuring this component

(adhesive bacteria gathered in flocs in whey matrices whereas non-adhesive bacteria

distribute more homogeneously), and could therefore modulate their accessibility and

later delivery when designing functional foods containing probiotic LAB.

According to these findings, food matrices could play a protective role on bacteria

by influencing their spatial distribution, which may prove especially useful for probiotic
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bacteria. Indeed, as bacteria adhering to a component have been found to flocculate in the

food matrix containing this component, this could result in later heterogeneous delivery

in the gastro-intestinal tract (GIT) which would impact host colonization, but may also

better protect bacterial survival until they reach the GIT. These findings also pave the

road to future experiments aiming generalizing bacterial adhesion characteristics to broad

bacterial groups, thus helping with practical food matrix design. It would therefore be

interesting to study the potential protective effect of components to which bacteria are

adherent, such as fat globules, during critical steps of the food manufacturing process.

Indeed, steps such as spray-drying during probiotic milk powder production may generate

stress and thus potentially induce damages to bacterial cell surfaces, which may hinder

both their viability and functionality.
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IV.2

Shaving and breaking bacterial

chains under shearing

IV.2.1 Shearing impact on bacterial functionality and spa-

tial organization

IV.2.1.1 Bacterial flocs categories

Distinct categories created to describe bacterial chain size distribution include from single

cells to 10-cell chains, chains featuring more than 10 cells (which will be called "long

chains" throughout the manucript), and flocs. Flocs have been defined to stand either

for (i) bacterial cells that stick together by their sides (and not their ends), meaning that

they were not part of the same chain, when 3 or more cells are stuck in parallel, (ii) two or

more bacterial chains close to one another bend excessively ("destructured chains" with

apparent overlaps), or (iii) bacterial chains combine both bending (case (ii)) and sticking

(case (i)) characteristics. The floc type (ii) has been shown to be caused by mechanical

strain sensing amongst other factors, which was identified as an important component

of bacterial cell shape regulation for Escherischia coli [Wong et al., 2017]. Bacterial floc

types (i) and (ii) are represented in Figure IV.2.1. Flocs can be of various sizes, as long

as all cells within the flocs remain connected to one another.
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(i) Type 1 bacterial �oc: parallel cells

2 µm 10 µm

1 �oc

Schematic representations Microscopic observations
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(ii) Type 2 bacterial �oc: destructured chains

2 µm
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overlap

high bending

2 chains
(1 �oc)

10 µm

1 �oc (high
bending)

2 �ocs
(apparent overlap)

Connected
chains (1 �oc)

Figure IV.2.1: Representation of bacterial flocs types: parallel bacterial cells (i) and
destructured chains (ii); representative microscopic pictures of each floc type for Lacto-
bacillus rhamnosus GG WT are presented to illustrate the proposed schematic represen-
tations.

IV.2.1.2 Bacterial chain size distribution

IV.2.1.2.1 One-time shearing experiments

Bacterial chain size distribution has been monitored before and after shearing for the

characteristic shear rates of 244 (no air pressure applied), 3.0×105, 3.7×105, 4.2×105,

4.9×105, and 11×105 s−1 for LGG WT, LGG spaCBA, and LGG welE and Figure IV.2.2

presents results obtained at 244, 3.0×105, 4.9×105, and 11×105 s−1. Comprehensive data

sets for all shear rates tested are available for LGG WT, spaCBA, and welE in respective
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Figure IV.2.2: Bacterial chain size distribution for the strains Lactobacillus rhamnosus
GG "wild type" (WT), spaCBA, and welE before and after shearing at 244, 3.0×105,
4.9×105, and 11×105 s−1. Error bars correspond to standard errors.

appendices B.1, B.2, and B.3.

In their initial state before shearing, for all strains 25% of the total number of chains
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Chapter IV.2. Shaving and breaking bacterial chains under shearing

and flocs featured more than 10 cells. Flocs also represent an important proportion of

the initial bacterial suspension when observed after adhesion assays, varying between

between strains from 16% for LGG welE to more than 30% for LGG spaCBA. Little or

no single cells were initially found, and other chain lengths appeared to be randomly

distributed, with proportions ranging from 1 to 10%.

When sheared at very low shear rate (244 s−1), the chain distribution of LGG WT

remained mostly similar to the control. For the two other strains, however, a significant

decrease (by about 10 %) in long chains occurred. This loss was compensated by a

proportional increase in 2-cell chains for LGG welE, whereas it was more homogeneously

distributed amongst the different chain length categories for LGG spaCBA.

When performing atomization even at low air pressures (0.2 bar, i.e. 3.0×105 s−1), the

proportion of 2 cell-chains drastically increased by a factor of 6, representing at least 35

% of the total number of chains and flocs in solution, and almost all chains featuring more

than four cells get broken whichever the strain. The proportions of chains featuring from

seven to more than ten cells remains inferior to 1 %; 6-cell and 5-cell chains represented

each around 2 % of the total number of chains and flocs (up to 4 % for LGG welE ). The

proportion of 4-cell chains also increased of 10 % for shear rates as low as 3.0×105 s−1

(0.2 bar) for the strains LGG WT and spaCBA.

The strain LGG spaCBA was the one the less impacted by chain breakage at low air

pressures, as 2-cell chains represented only 35 % of its total chain distribution, versus 50

% or more for the two other strains. LGG spaCBA was also identified as the strain the

most likely to flocculate, flocs representing the major category of bacterial organization

even in the initial solution. For this strain, the increased proportion of 2-cell chains due

to shearing may result from floc breakage instead of chain breakage (the loss in flocs

being relatively equivalent in proportion to the gain in 2-cell chains). Given the fact

that a 2-cell chains proportion of 50% was reached for a shear rate of 4.9×105 s−1 for

LGG spaCBA versus for a shear rate of 3.0×105 s−1 for LGG WT and welE, it can

be proposed that interactions between bacterial cells in flocs involve higher interaction

forces than those involved between bacterial cells in chains, thus, that flocculation would
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IV.2.1. Shearing impact on bacterial functionality and spatial organization

tend to preserve bacterial chains from breaking. However, although the ability to form

flocs in different proportions after adhesion assays seems to depend both on the strain

and on the applied shear rate, flocculation may result from the fixation of bacterial cells

onto a surface and therefore our results might not be representative of what occurs in

suspension.

Most of the shearing impact on bacterial chain distribution can be observed from an

air pressure of 0.2 bars (γ̇ = 3.0 × 105 s−1). Higher shear rates generated very little

additional changes in bacterial chain structuration. Globally, all proportions of chains

featuring more than two cells decreased (up to 10 % decrease). However, some additional

changes appeared to be more strain-dependent. Proportion of 2-cell chains did not evolve

much for LGGWT and LGG welE, but kept on increasing for LGG spaCBA until reaching

a threshold similar to the two other strains (between 50 and 60 %), while the proportion

of flocs of LGG spaCBA proportionally decreased. Very high pressures i.e. elevated shear

rates, were required to obtain single cells, which proportion gradually increased for LGG

WT as shear rate increases, whereas it suddenly increased of respectively 10 and 20 %

for the two mutant strains spaCBA and welE.

Overall, this suggests that chain breakage is more likely to occur for strains organized

in long chains than for strains which tend to flocculate. Moreover, chain breakage is

triggered at low spraying air pressures (P = 0.2bars, γ̇ = 3.0 × 105 s−1.). In fact,

most breakage events occurred at very low air pressures and led to a drastic increase in

2-cell chains, which seem to be the major and most stable form of bacterial chains in

flow. Indeed, this form is able to resist even shear rates as high as 11×105 s−1 without

breaking. Higher shear rates than 3.0×105 s−1, although not inducing as drastic a change

to bacterial chain distributions compared to low shear rates, generated additional strain-

dependent bacterial chain breakage and led to an increased proportion of single cells. A

hypothesis for why 2-cell chains appear to be a more favorable configuration in shear flow

than longer bacterial chains could be that forces exerted on the cells of 2-cell chains are

minimized compared to other forms. This hypothesis will be furthered explored in the

modeling part.
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Four-cell chains are the second major and most stable form; their breakage occurs

in parallel of an increase in proportions of single cells and 2-cell chains, suggesting that

it would break in three pieces, two single chains and one 2-cell chain. The breaking

mechanisms of bacterial chains will also be furthered discussed in the modeling part.

IV.2.1.2.2 Repeated versus one-time shearing

LGG WT
Control (%) One-time (%) Repeat (%)

Single cells 0.0 ± 0.0a 22 ± b 38 ± 2c

2-cell chains 4.8 ± 1.5a 55 ± 2b 47 ± 2b

3-cell chains 2.0 ± 1.0a 3.4 ± 0.5b 1.4 ± 0.4a

4-cell chains 12 ± 2a 2.6 ± 0.5b 1.6 ± 0.4b

Flocs 23 ± 2a 16 ± 2b 11 ± 2b

Table IV.2.1: Impact of repeated shear stress (’Repeat’) compared to one-time shear
stress (’One-time’) at high shear rate (11×105 s−1) on bacterial chain distribution (ex-
pressed in proportion of total number of chains and flocs) for Lactobacillus rhamnosus
GG wild type. Standard errors are presented for thirty measurements; for each strain,
different letters within the same row attest of statistically significant differences.

LGG spaCBA
Control One-time Repeated
Single cells 1.2 ± 0.5a 16 ± 1b 36 ± 1c

2-cell chains 6.7 ± 1.2a 48 ± 2b 43 ± 1b

3-cell chains 2.1 ± 0.6a 5.0 ± 0.4b 3.4 ± 0.3c

4-cell chains 6.2 ± 1.1a 5.8 ± 0.7a 1.7 ± 0.3b

Flocs 32 ± 3a 24 ± 1b 16 ± 1c

Table IV.2.2: Impact of repeated shear stress (’Repeat’) compared to one-time shear
stress (’One-time’) at high shear rate (11×105 s−1) on bacterial chain distribution (ex-
pressed in proportion of total number of chains and flocs) for Lactobacillus rhamnosus
GG spaCBA. Standard errors are presented for thirty measurements; for each strain,
different letters within the same row attest of statistically significant differences.

The effect of repeated versus one-time shearing on bacterial chain size distribution is

presented in Tables IV.2.1, IV.2.2, and IV.2.3 respectively for LGG WT, spaCBA, and

welE using a characteristic shear rate of 11×105 s−1. Initial chain distributions are used

as controls. Only impacted bacterial chain categories are presented in Tables IV.2.1,
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LGG welE
Control One-time Repeated
Single cells 0.2 ± 0.2a 18 ± 2b 52 ± 2c

2-cell chains 9.3 ± 1.3a 58 ± 2b 33 ± 2c

3-cell chains 4.0 ± 1.1a 3.7 ± 0.7a 2.9 ± 0.9a

4-cell chains 11 ± 1a 3.6 ± 0.6b 0.3 ± 0.2c

Flocs 17 ± 2a 15 ± 2ab 11 ± 1b

Table IV.2.3: Impact of repeated shear stress (’Repeat’) compared to one-time shear
stress (’One-time’) at high shear rate (11×105 s−1) on bacterial chain distribution (ex-
pressed in proportion of total number of chains and flocs) for Lactobacillus rhamnosus
GG welE. Standard errors are presented for thirty measurements; for each strain, different
letters within the same row attest of statistically significant differences.

IV.2.2, and IV.2.3. Comprehensive data sets including results for other categories are

available in Appendices B.1, B.2, and B.3 respectively for LGG WT, spaCBA, and welE.

Whichever the strain, repeated shearing reduced the proportions of all kind of chains

and flocs and increased the proportion of single cells. However, the impact of repeated

shearing also appeared both strain- and chain length-dependent. When comparing be-

tween strains, the chain distribution of the mutant strain LGG welE was indeed more

impacted than those of the two other strains. The proportion of single cells of LGG welE

after repeated shearing increased by a factor of 2.5 compared to one-time shearing, while

the proportion of 2-cell chains was divided by a factor of 2. For LGG WT and spaCBA,

the proportion of single cells after repeated shearing increased by a factor of 2 compared

to one-time shearing, while the proportion of 2-cell chains only slightly decreases (not

significantly). Similarly, the 4-cell chains proportion was divided by a factor of 10 for

LGG welE, whereas it was only divided by 2 for LGG WT and by 3 for LGG spaCBA.

LGG welE appeared therefore to be more sensitive to repeated shearing than the two

other strains.

When comparing LGG WT chain lengths, 3-cell and 4-cell chains appeared to be

more sensitive to repeated shearing than 2-cell chains and flocs. A similar behavior was

observed for LGG spaCBA: the proportion of 2-cell chains did not change from one-time

shearing to repeated shearing. However, proportions of 3-cell and 4-cell chains after
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repeated shearing were significantly lower than after one-time shearing, reduction factors

being respectively of 2.4 and 1.6 for LGG WT, and of 1.5 and 3.4 for LGG spaCBA.

Two hypotheses can explain this fact for both LGG WT and spaCBA: (i) the increase in

single cells at higher shear rates actually resulted rather from the breakage of 4-cell and

3-cell chains than from the breakage of 2-cell chains, or (ii) 3-cell and 4-cell chains broke

into 2-cell chains and single cells, and part of the 2-cell chains broke into single cells.

The second hypothesis may however appear less likely, since there does not seem to be

any reason for why only part of the 2-cell chains could break into single cells. Assuming

the existence of a shear rate threshold leading to chain breakage, which is coherent with

observations for the range of one-time shear rates previously tested in Section IV.2.1.2.1,

most 2-cell chains should be affected the same way by repeated shearing, which would

lead to a much higher increase in proportion of single cells than the one observed. The

sensitivity to shearing of bacterial chains of LGG welE decreased in the following order:

4-cell chains > 2-cell chains > flocs. In this case, 3-cell chain proportion remained stable.

For all strains, the proportion of flocs after repeated shearing decreased compared

to one-time shearing, although this decrease was only statistically significant for the

mutant strain LGG spaCBA. Floc breakage may also have contributed to the increased

proportion of single cells. Pönisch et al. (2016) previously showed that certain types of

pili mediate the merging dynamics of single cells and self-assembly of colonies [Pönisch

et al., 2017].

This suggests that the impact of repeated shearing on bacterial cell chain size distri-

bution depends both on the considered strain and the preferred bacterial organization (in

terms of chain length and floc proportion). One-time shearing did not seem to be able

to break 2-cell chains even when applying high shear rates (Figure IV.2.2), contrarily

to repeated shearing, for which the degree of breakage was found to be strain-sensitive.

Flocs seemed to be more resistant to shearing. LGG welE was found to be the most

sensitive strain to repeated shearing. Two hypotheses can be formulated to explain this.

On one hand, as this strain is impaired in EPS production, connections between cells

within a chain are less protected from shearing. EPS could also play a protective role
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on the way shearing constraints apply to the cells, by increasing the fluid viscosity for

example [Badel et al., 2011]. However, this hypothesis does not explain the differential

impact of shearing according to chain length, especially for repeated stress. On the other

hand, LGG welE is expected to be the most adhesive of the three investigated strains due

to its increased pili exposure [Guerin et al., 2016,Guerin et al., 2018a]. This could have

resulted in a higher degree of adhesion to the walls of the nozzle. As bacteria attached

to walls would be likely to undergo a higher shearing stress under flow, LGG welE would

be more affected by shearing and its chains therefore more easily broken. Proximity to

the walls could be fostered for some chain types depending on their length and weight,

therefore resulting in a differential shearing impact according to chain length. A similar

phenomenon was observed for blood cells with different densities and shape properties

when undergoing shear stress in channels, leading to differential cell distribution [Gold-

smith and Marlow, 1979,Aarts et al., 1988]. For blood cells, this differential distribution

has been identified as one essential factor leading to differential adhesion to the channel

walls [Aarts et al., 1988,Gidaspow and Chandra, 2014].

IV.2.1.3 Bacterial functionality

The impact of shearing on bacterial adhesive abilities was evaluated for shear rates rang-

ing from 244 to 11×105 s−1 for LGG WT and the three mutant strains LGG spaCBA,

LGG welE, and LGG D2 (double mutant). Adhesion results are presented in Tables

IV.2.4, IV.2.4, IV.2.4, and IV.2.4 respectively. They were expressed both in 1000/tstart

normalized on the adhesion of the control LGG WT to β-lactoglobulin (without shear-

ing) to allow inter-strain comparison, and in functionality losses expressed in percentages

(normalized on the bacterial functionality of the control without shearing for each strain,

which is set equal to 100 %) to determine the influence of shearing for each strain inde-

pendently. Overall, bacterial adhesive abilities appeared to be affected by shearing.

However, the shearing impact seemed to be strain-dependent. Indeed, the highest func-

tionality losses recorded for one-time-applied shearing amongst adhesive strains ranged

from 1% (LGG WT) to more than 30% for LGG welE. Surprisingly, in the case of the
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γ̇ (105 s−1) LGG WT
1000/tstart Loss (%)

Control 1.01 ± 0.09a 0
0.00244 1.05 ± 0.14a -1
3.0 1.03 ± 0.16a -5
3.7 1.06 ± 0.13a -3
4.2 1.02 ± 0.15a -6
4.9 1.00 ± 0.14a -2
11 (one-time) 0.99 ± 0.16a 1
11 (repeated) 0.86 ± 0.020a 14

Table IV.2.4: Impact of shearing on bacterial adhesive abilities of LGG WT. Results
are expressed in means ± standard deviations; values of 1000/tstart are normalized on
the control and therefore expressed without units. Different letters attest of statistically
significant differences.

γ̇ (105 s−1) LGG spaCBA
1000/tstart Loss (%)

Control 0.41 ± 0.050a 0
0.00244 0.41 ± 0.038a 0.5
3.0 0.50 ± 0.067b -22
3.7 0.49 ± 0.057b -19
4.2 0.49 ± 0.057b -20
4.9 0.49 ± 0.056b -19
11 (one-time) 0.48 ± 0.048b -18
11 (repeated) 0.43 ± 0.0090ab -5

Table IV.2.5: Impact of shearing on bacterial adhesive abilities of LGG spaCBA. Results
are expressed in means ± standard deviations; values of 1000/tstart are normalized on
the control and therefore expressed without units. Different letters attest of statistically
significant differences.

strain featuring the lowest adhesive abilities, LGG spaCBA, an increase of adhesive abili-

ties was also acknowledged after shearing compared to the initial adhesion level (marked

as "negative adhesion losses" in Table IV.2.5).

The wild type strain was the one whose adhesive abilities were the less affected by

shearing: in particular, one-time shearing appeared not to impact on bacterial adhesive

abilities. Even when applying the highest shear rate repeatedly, losses remained inferior

to 20 %. However, for higher shear rates such as those applied by Kiekens et al. on
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γ̇ (105 s−1) LGG welE
1000/tstart Loss (%)

Control 1.8 ± 0.09a 0
0.00244 1.5 ± 0.06b 17
3.0 1.6 ± 0.04b 11
3.7 1.4 ± 0.03bc 19
4.2 1.4 ± 0.02bc 18
4.9 1.4 ± 0.02bc 22
11 (one-time) 1.2 ± 0.05c 31
11 (repeated) 0.78 ± 0.016d 56

Table IV.2.6: Impact of shearing on bacterial adhesive abilities of LGG welE. Results
are expressed in means ± standard deviations; values of 1000/tstart are normalized on
the control and therefore expressed without units. Different letters attest of statistically
significant differences.

γ̇ (105 s−1) LGG D2
1000/tstart Loss (%)

Control 0.77 ± 0.11a 0
0.00244 0.70 ± 0.049b 9
3.0 0.71 ± 0.063a 8
3.7 0.73 ± 0.083a 5
4.2 0.72 ± 0.062a 6
4.9 0.69 ± 0.054b 10
11 (one-time) 0.67 ± 0.069b 13
11 (repeated) 0.57 ± 0.010b 26

Table IV.2.7: Impact of shearing on bacterial adhesive abilities of LGG D2 (welE-
spaCBA). Results are expressed in means ± standard deviations; values of 1000/tstart
are normalized on the control and therefore expressed without units. Different letters
attest of statistically significant differences.

the same strain (using an air flow rate q̇A five times higher than the highest value of

q̇A used in the current study), LGG WT was imaged without pili after shearing and

functionality losses went over 70 % when evaluated as the ability to adhere to Caco-

2 cells [Kiekens et al., 2019]. This drastic decrease found in previous literature can

look surprising in regard to our results. Three hypothesis can be made to explain this

difference: (i) different surface molecules are involved in adhesion to β-lactoglobulin

compared to Caco-2 cells and some of them may be more or less shear-sensitive, (ii),
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there is a shear rate threshold below which bacterial surface is little affected, but can

be almost completely "shaved" once past it, or (iii) other kinds of stresses, such as heat

stress and osmotic stress (spray-drying and rehydration) may have come into play and,

combined with shearing, may have had a lot more impact on bacterial surface.

The adhesion of the pili-depleted strain LGG spaCBA increased by 20 % for shear

rates over % 3×105 for one-time shearing experiments. However, when the highest shear

rate was repeatedly applied, bacteria in both sheared and control suspensions presented

similar adhesive abilities. This could be explained by the partial removal of the surface

EPS layer of LGG spaCBA upon shearing, which would expose other adhesive surface

proteins [Guerin et al., 2018a]. This is supported by the fact that the double mutant

strain LGG D2 (pili- and EPS-depleted) was found to have an adhesive capacity superior

to LGG spaCBA in control conditions (initial unsheared suspensions), which could be

due to the presence of other adhesive proteins on the cell surface (usually buried in the

EPS layer). The existence of such surface adhesive proteins hidden within the EPS layer

has previously been brought to light [Guerin et al., 2018a]. Potential candidates that

would mediate adhesion in the absence of pili include the Mucus Binding Factor MBF,

the MbA protein, lipoteichoïc acids or peptidoglycans, all being present at the surface

of LGG cells within the EPS layer [Guerin et al., 2018a,Lebeer et al., 2012]. The EPS

themselves have previously been found to play a positive role in adhesion, although of

less importance than the role played by pili [Guerin et al., 2018a].

However, LGG D2 also featured adhesive abilities losses for the highest shear rates

(reaching 10% after shearing at 4.9×105 s−1), suggesting that these other surface proteins

contributing to bacterial adhesion may also get damaged by shearing. On the contrary,

LGG spaCBA adhesive abilities were always increased by shearing, the lowest increase

resulting from repeated shearing. A hypothesis could be that, in the range of investigated

shear stresses, the EPS layer of LGG spaCBA could not be completely removed after

one-time shearing, and that the remaining parts of this layer may surround and therefore

"protect" the other underlying surface adhesive proteins. Less forces were therefore

exerted on these more buried sites, which are thus more preserved and could later act as
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adhesive patches. However, under repeated shearing, the EPS of LGG spaCBA would be

more completely removed and therefore the underlying surface adhesive molecules more

damaged, leading to a smaller gain in adhesive abilities.

The LGG welE strain, initially the most adhesive strain (before shearing), was also

found to be the most sthear-sensitive strain. Adhesive abilities losses seemed to incre-

mentally increase with shear stress even from shear rates as low as 244 s−1. For shear

rates from 3.0×105 to 4.9×105 s−1, adhesive abilities losses approached 20 %, whereas

for the highest shear rate, adhesive abilities losses respectively reached 31 % and 56 %

for one-time vs. repeated shearing. The fact that LGG welE is a lot more sensitive to

shearing than LGG WT may be due to the fact that pili would be partially protected

by the EPS layer featured by LGG WT, which could prevent their removal and limit

the forces exerted at the pili basis. EPS have indeed recently been found to feature a

protective effect against shearing in terms of bacterial functionality for Lactococcus lac-

tis subsp. cremoris in fermented milk compared to non-EPS-producing strains [Girard

and Schaffer-Lequart, 2007]. The full pili-exposure of LGG welE, presented in previ-

ous studies as a competitive advantage allowing higher adhesive abilities [Guerin et al.,

2016, Burgain et al., 2014b, Lebeer et al., 2009], was found here to be a competitive

disadvantage in matter of strain resistance to shearing.

It can also be noticed that even after repeated shearing at the highest shear rate,

strains still presented significant adhesive abilities differences. This suggests that each

strain possesses a minimal adhesion level below which it does not seem possible to get.

However, the classification of strains according to their adhesive abilities is changed by

repeated shearing. Before shearing, adhesive abilities increased in the following order:

LGG spaCBA < LGG D2 < LGG WT < LGG welE, whereas after repeated shearing at

the highest tested shear rate, it increased in the following order: LGG spaCBA < LGG D2

< LGG welE < LGG WT. This confirms that LGG welE was the most sheared-sensitive

strain in this study.

Finally, adhesive abilities losses can be correlated with chain breakage for most strains

(except the wild type), as the major impact of shearing on adhesive abilities occurred at
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Figure IV.2.3: Summary of the effects of shearing on bacterial organization (chain size
distribution), physical state, and adhesive abilities for the strain Lactobacillus rhamnosus
GG and three mutant strains. Negative adhesive abilities losses indicate an increase in
adhesive abilities.

the lowest air pressure (P = 0.2 bars, γ̇ ≈ 3.0× 105 s−1), concomitantly with the drastic

increase in the proportion of 2-cell chains. Although adhesive abilities losses further

increased at higher shear rates, it evolves slightly compared to the first adhesive abilities

loss experienced at the lowest air pressure. Reasons for why most of the adhesive abilities
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IV.2.2. Modeling the impact of shear flow on bacterial chain integrity

losses seem to occur at low shear rates will be explored in the modeling part.

Figure IV.2.3 sums up the main effects of shearing on bacterial chain size distribution

(chains and flocs) and bacterial adhesive abilities evidenced in this study on bacterial

suspensions. Corresponding shear-induced nanoscale changes at the surface of bacterial

cells are also proposed.

IV.2.2 Modeling the impact of shear flow on bacterial chain

integrity

This section focuses on the impact of shearing on bacterial chains integrity at the cell

scale by answering one central question: do bacterial chains matter in a shear flow in

terms of bacterial adhesive abilities? This question will be investigated by looking at the

influence of the position of a body within a chain, the chain angle with the horizontal

during a chain rotation period, and the chain length on bacterial surface adhesive proteins

(SAP) removal, such as pili and small filamentous adhesive proteins, through the proxy

of traction forces exerted on the surface of ellipsoidal bodies in a chain.

IV.2.2.1 Bacterial surface adhesive proteins removal and their rela-

tionship to surface traction forces

This section aims at proving that it can be sensible to use the maximum surface traction

force exerted on the surface of a bacterial cell as a proxy for pili removal or, more gen-

erally, SAP removal, when considering the problem at cell scale (when viscous forces are

dominant, and the sedimentation phenomenon is neglected). Addressing this question,

we will first explore briefly the simple case of pili removal through high-speed centrifu-

gation, which has been acknowledged experimentally [Tripathi et al., 2012]. Then, we

determine the expression of the traction force on the surface of a spherical body, identi-

fied to a single bacterial cell, in background shear flow in three different scenarii i.e. (i)

when the sphere is freely translating/rotating with the flow, (ii) when the sphere is fixed

in space (i.e. the bacterial cell adheres to a surface), and (iii) when the sphere is part of

a bacterial chain which is moving in the flow. Then, we will determine the viscous force
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applied to a pilus fixed on a given cell of a bacterial chain in a shear flow and compare

it to the traction force expressions previously established.

IV.2.2.1.1 Bacterial pili removal through high-speed centrifugation

Pili removal has been shown to occur for LGG WT cells collected during the exponential

growth phase when centrifugated once at 8, 000g for 30 min [Tripathi et al., 2012]. In

this section, we propose a general approach to evaluate pili removal through tangential

traction forces for a simplified, individual spherical bacterium experiencing centrifugal

forces. We point out the limitations of this approach, some will be addressed in the

following sections.

Considering a individual bacterium in a linear flow of global velocity field u such as

represented in Figure IV.2.4, we solve the Stokes equation for the local velocity field uS ,

calculated for a Stokeslet, i.e. a solution of the Stokes equation for a singular point to

which is given a Dirac impulse, where x0 is the center of mass (centroid), a the radius of

pilus F

t 
x0

v

a
Ω

u velocity field

dΩ

Figure IV.2.4: Individual spherical bacterium with pili in a linear flow of velocity field
u.

the sphere, dΩ the surface of the body, t the traction force exerted by surface area, v the

local velocity field, F the net force by surface area, and Ω the local torque of the body.

The background velocity field u can be expressed in function of a tensor matrix T which
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can be itself separated in a stresslet S (extensional component of the field) and a rotlet

R (rotational component of the field). S is the symmetric rate of the strain tensor. It

corresponds to a stretching stress (elongating/compressing). R is the antisymmetric rate

of the strain tensor. It corresponds to a rotative stress (rotational motion). A graphic

representation of these tensors is given in Figure IV.2.5.

Stresslet (extensional stress) Rotlet (rotational stress) Tensor matrix (ex. of linear stress)

S R T

Figure IV.2.5: Graphic representation of the two types of stress applied on spherical
bodies in a linear flow such as a shear flow; these stresses are related such as S+R = T
with u =∝ T .

At the equilibrium, the system presented in Fig. IV.2.4 is such as:

• the net force on the sphere is equal to 0: Fnet =
´
dΩ F .dS = 0

• the net moment on the sphere is equal to 0: Mnet =
´
dΩ(x− x0)F .dS = 0

The following conditions are fixed at the boundaries:


lim|x|→∞ u = x · T

lim|x|∈dΩ u = v + Ω(x− x0)

With x being the directional vector of the sphere.

When solving the Stokes equation using the singularity method i.e. giving to the

body an initial Dirac impulse δF at the origin, F being the force of this impulse, we

get the following expressions for the u, the Stokeslet uS , the global pressure p and the
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Stokeslet pressure pS :

u = uS +
a2

6
∇2uS

uS =
1

8πµ
GF

G =

 I

|x|
+
xxT

|x|3


and



p = pS +
a2

6
∇2pS

pS =
2(x · F )

|x|3

Where I is the identity tensor and xT the transposed of x.

Knowing u and p we can calculate the stress tensor σ and the traction force exerted on

the bacterium by surface area (projection of the stress tensor on the bacterium surface)

defined such as: 
σ = −pI + µ

(
∇u+∇uT

)
t = n̂ · σ

Where n̂ unitary vector such as at |x| = a, n̂ =
x

a
. By solving for the traction force with

Mathematica we get:

t =
− 1

4πa2
F (IV.2.1)

And at equilibrium we know that the sum of the forces exerted on the bacterium is equal

to 0. Therefore:

Fnet +

ˆ
dΩ
t.dS = 0

=⇒ Fnet = F

Therefore the expressions for the local traction force t and the local velocity v near the
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sphere are:

t =
− 1

4πa2
Fnet (IV.2.2)

v =
Fnet

6πµa
(IV.2.3)

The net force Fnet exerted on the sphere (neglecting hydrodynamic interactions with the

fluid for now) is gravitational:

Fnet =
4

3
πa3 (ρwater − ρbacteria)Mgẑ (IV.2.4)

Where a is the radius of the sphere (Fig. IV.2.4), ρwater and ρbacteria the mass densi-

ties, g the gravitational constant (g = 9.8 m.s−2), ẑ a unitary vertical vector and M a

multiplicative factor if needed (i.e. when a centrifugal force of M x g is applied e.g.).

Therefore the final expressions for t and v are:

t =
∆ρMgaẑ

3
(IV.2.5)

|v| =
(

2a2

9µ

)
∆ρMg (IV.2.6)

Where a radius of the bacterium, µ dynamic viscosity of the suspension, ∆ρ difference

between the mass densities of water and bacteria, M a multiplicative factor and g the

gravitational constant. Assuming that pili would be removed proportionally to the tan-

gential section, we name τ the tangential component of t (in N.m−2), which we can
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calculate using polar coordinates:

τ = (I − n̂n̂) · t

= t− (n̂ · t) n̂

and


n̂ = cos θẑ + sin θêφ(φ)

n̂ · ẑ = cos θ

=⇒ τ = |t| =
∆ρMga

3
(IV.2.7)

We know that pili can be removed from LGG when applying a centrifugal force of 8, 000 g

for 30 min [Tripathi et al., 2012]. When calculating the corresponding theoretical local

velocity v and tangential traction τ by surface area and when applied on a point (infinites-

timal surface) using the equations (IV.2.3) and (IV.2.7) with M = 8, 000, a ∈ [5; 10] µm,

µ = 10−3 Pa.s, ∆ρ ∈ [0.1.10−3, 0.2.10−3] kg.m−3 (ρbacteria was assumed identical to the

one found for E. coli by Lewis et al. [Lewis et al., 2014]), we find that:


v ≈ 1 mm.s−1

τ ≈ 1 N.m−2

τpoint ≈ 1 pN

This would mean that a pellet starts to be formed 1 min after starting the centrifugation

(for a 10 cm-tube), which sounds reasonable.

However, in the literature local traction forces (applied on an infinitesimal surface) nec-

essary to remove pili range between 250-300 pN for LGG [Tripathi et al., 2013] and up to

500 pN for type I pili for Escherischia coli [Miller et al., 2006]. The theoretical value of

τpoint would therefore not be sufficient to remove pili from bacteria, whereas it occurred

in reality. Several reasons can explain that difference:

• Pili have been considered until now as short filaments feeling the velocity v only

locally near the bacterial surface, whereas in reality they sometimes can be on the
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same length scale as the bacterium itself and would therefore experience the entire

velocity field u; in reality, the average length of a pili is intermediary (1.0 ± 0.3

µm whereas the length of a bacterium is of 2-3 µm),

• Pili were also considered uniform filaments, but in the case of LGG are in fact

elongating, extensible (spring-like) coils [Tripathi et al., 2012,Tripathi et al., 2013],

meaning they are likely to feel more the flux of the velocity field,

• Bacteria are not individual spheres but chains of rods, which can modify their

global dynamics,

• Bacteria can interact with the walls of the tube when being centrifuged, which

would make them experience more shear flow,

• Bacteria are numerous in the suspension and therefore can run into one another

during the centrifugation, which would foster friction.

The real force experienced by the bacterium on its surface for a centrifugal force of 8,000

g expressed during 30 min would therefore be greater than 1 pN.

It is also to be noted that pellets could in some cases found to start forming even for

very low centrifugal forces such as 500 g applied for 1 min (data not shown), whereas

the equation (IV.2.3) does not reflect it as sedimentation is found to start theoretically

after 10 min of centrifugation at 500 g.

The reasons detailed above for explaining the difference between the experimental and

the theoretical values of the traction force could also contribute to explain the velocity

difference. Another reason explaining this latter difference could be that sedimentation is

not the only process happening during centrifugation as other flux (backflow e.g.) could

occur thus impating the overall dynamics.

From this brief study, we conclude that tangential traction forces obtained from single

spheres calculations cannot be used as quantitative proxies for pili removal occurring in

centrifugation settings. In the next sections, we will consider the case of surface traction

forces for bacteria in a simple shear flow and see if it can be sensible to use them as
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qualitative proxies for pili removal on bacterial cells in a chain.

IV.2.2.1.2 Traction on a lone, freely-moving spherical cell

Consider a background shear flow u∞ = γ̇yx̂ and a sphere with center at x0 = x0x̂+y0ŷ.

The velocity field due to the presence of the sphere at a point x = (x, y, z) in the flow is

given by

u(x) = u∞(x) +
1

8πµ

(
1 +

a2

6
∇2

)
G(x− x0) · F

+
1

8πµ
Gc(r(s)− x0) ·L+

(
1 +

a2

10
∇2

)
∇G(r(s)− x0) : S,

(IV.2.8)

where the force F and torque L depend on whether or not the sphere is free to rotate in

the flow, and S is the stresslet. Generically, with U and Ω the translation and rotation

rate of the sphere, we have F = 6πµa(U − u∞(x0)), L = 4πµa3(2Ω − ∇ × u∞(x0)),

and S = (20πµa3/3)E∞, where E∞ = (γ̇/2)(x̂ŷ + ŷx̂) is the symmetric rate-of-strain

tensor describing the background flow. The associated traction is given by (with x ∈ D,

the surface of the sphere),

f(x) = − 1

4πa2
F − 3

8πa4
T × x+

5µ

a
E∞ · x. (IV.2.9)

If the sphere is free to rotate in the flow, then U = u∞(x0) and Ω = ∇ × u∞(x0)/2

(and the body is force and torque free), so the traction is

f(x) =
5γ̇µ

2a
((y − y0)x̂+ (x− x0)ŷ), (IV.2.10)

which is notably independent of the sphere size.
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IV.2.2.1.3 Traction on a fixed spherical cell

Looking back at Equation (IV.2.9), if the spherical cell is held fixed in the flow, then

U = Ω = 0, thus finding

f(x) =
3γ̇µy0

2a
x̂+

3γ̇µ

2a
((y − y0)x̂− (x− x0)ŷ)

+
5γ̇µ

2a
((y − y0)x̂+ (x− x0)ŷ)

=
γ̇µ

2a
[(3y0 + 8(y − y0))x̂+ 2(x− x0)ŷ] .

(IV.2.11)

If the sphere is centrally located at y0 = 0, then the traction remains independent of the

size. But if the sphere is held in the oncoming flow the traction now depends on the size

of the sphere. If the sphere is held at y0 = 0 then the maximum traction is larger than

that for a freely moving sphere but only by a factor of 8/5. This is because the boundary

conditions are naturally not satisfied by a fixed sphere without disturbing the background

flow, but this is also true of a rotating sphere with nearly identical consequences.

IV.2.2.1.4 Traction on a spherical cell in a chain

One way for a cell to be "held in the flow" in some sense is if it is part of a chain of bodies,

which rotates with zero net force and torque, but each component along the chain may

still experience a force and torque. Using the simplest resistive force theory to describe

the motion of a chain of bodies, we find that the rotation rate is Ω = −γ̇/2(1−cos(2θ))ẑ,

where θ is the orientation angle relative to x̂, such as presented in Figure IV.2.6. Associ-

ated with this rotation, with the chain centered at the origin, the nth sphere away from

the origin moves with speed U = Ω× [na(cos θx̂+sin θŷ)] = aγ̇n sin2 θ (sin θx̂− cos θŷ),

and rotates with rate Ω, resulting in a traction (which neglects hydrodynamic interac-
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pilus

S���� ����

a

x̂

ŷ

γ
shear
rate nth-sphere

N (half-chain length)θ

ξ
φLp̂

Figure IV.2.6: Schematic of the pilus on body (n − 1) of the chain. Only one pilus has
been represented for better readability of the figure. n is measured from the center,
and the chain is of length 2N . The pilus has length L, points in the p̂ direction, and
is connected to the sphere by a connection point located on the sphere at an angle ξ
relative to x̂, and fixed at an orientation angle φ relative to x̂. The chain makes an angle
θ with the horizontal. Chain motion is assumed here to be semi-rigid.

tions among the bodies),

f(x) =
3µγ̇n

2
sin θ cos θ (cos θx̂+ sin θŷ) +

3γ̇µ cos(2θ)

2a
((y − y0)x̂− (x− x0)ŷ)

+
5γ̇µ

2a
((y − y0)x̂+ (x− x0)ŷ)

=
γ̇µ

2a

(
3an sin θ cos2 θ + (5 + 3 cos(2θ))(y − y0)

)
x̂

+
γ̇µ

2a

(
3an sin2 θ cos θ + (5− 3 cos(2θ))(x− x0)

)
ŷ

(IV.2.12)

where x0 = an(cos θx̂ + sin θŷ). Since x = x0 + O(a), the traction is independent of

a. However, it increases linearly with n, the position along the chain. The traction

on the nth sphere away from the center is now a factor of 3n/5 larger than that of a

freely moving sphere. In this sense, the traction on the bodies far from the center is

184



IV.2.2. Modeling the impact of shear flow on bacterial chain integrity

considerably reduced by their abandoning the chain.

IV.2.2.1.5 Relationship between surface adhesive protein removal and sur-

face tractions

It is simpler to analyze and compute the traction on the surface of a bacterium in a

flow than to study the forces on individual small pilus or other SAP attached to the cell

body. Here the question of to which extent the surface tractions described in Equations

(IV.2.10), (IV.2.11), and (IV.2.12) may be used as proxies to understand the force on the

SAP. The surface traction is proportional to the velocity gradient, which we expect to be

relevant to the force on the SAP. If the SAP is small relative to the body size, then the

no-slip boundary condition on the cell body is particularly relevant, as it renders the fluid

motionless there relative to the body motion. So the velocity of the base of the SAP is

given by U+Ω×(X−x0), whereX−x0 is the location of the SAP connection point. To

determine the viscous force on the SAP, fp(s), a function of the arc-length s ∈ [0, L],the

resistive force approximation can be used again although in a different context, writing

fp(s) =
2πµ

log(2/εp)
[2I − p̂p̂] · (u(r(s))− rt(s)) , (IV.2.13)

where εp is the aspect ratio of the SAP (radius/length), p̂ is the orientation of the SAP,

r(s) = X + sp̂ is the position along the SAP at arc-length s, and rt(s) is the velocity

of the SAP itself there. At this point, semi-rigidity of the SAP is assumed, in order to

consider first that only slight (neglectable) deformation of the SAP under flow can occur.

The SAP is considered in the xy-plane, with the connection point located on the sphere

at an angle ξ relative to x̂, and fixed at an orientation angle φ relative to x̂ (Fig. IV.2.6).

With its rigid body motion, it thus moves with velocity

rt = U + Ω× (r(s)− x0) = U + Ω× (X − x0 + sp̂). (IV.2.14)

The expression for the velocity field in the fluid determined above considered that x =

r(s) along the SAP. When evaluating the force per length on the SAP above with this

185



Chapter IV.2. Shaving and breaking bacterial chains under shearing

velocity inserted, and integrate on s ∈ [0, L], because this is generally a rather long

expression, SAP will be assumed short only terms up to O(L/a) with L/a assumed small

will be conserved.

Looking at a spherical cell free to move in the fluid, the fluid velocity along the SAP

is

u(s) =
aγ̇s

2
(sin(ξ − φ)x̂− cos(ξ − φ)ŷ) +O(s2). (IV.2.15)

The force on the SAP is then:

FSAP =

ˆ L

0
fp(s) ds

=
5πµγ̇ cos(ξ − φ)L

2 log(2/εp)
[2 sin ξ cos(2ξ)x̂− (cos ξ + cos(3ξ))ŷ]

+O((L/a)2),

(IV.2.16)

or at worst,

‖FSAP ‖∞ ≤
5πµγ̇L

log(2/εp)
+O((L/a)2), (IV.2.17)

Now considering a SAP on the nth sphere away from the origin on a chain, the fluid

velocity is

u(s) = aγ̇s sin2 θ [(n sin(θ − φ) + sin(ξ − φ))x̂− (n cos(θ − φ) + cos(ξ − φ))ŷ] ,

(IV.2.18)

resulting in

FSAP =
πµγ̇ cos(ξ − φ)L

2 log(2/εp)

× [sin ξ cos(ξ − φ)(−6 cos(2θ) + 3n sin(2θ) sin(θ − ξ) + 10 cos(2ξ))x̂

− cos ξ(6 cos(2θ)− 3n sin(2θ) sin(θ − ξ)− 10 cos(2ξ))ŷ] +O((L/a)2),

(IV.2.19)
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or at worst,

‖FSAP ‖∞ ≤
πµγ̇(2 + 3n/2)L

log(2/εp)
+O((L/a)2), (IV.2.20)

so just as with the traction on the cell body, the force acting on the SAP is larger if it is

on a sphere towards the end of the chain. Therefore, using the maximal surface traction

force as a proxy for SAP removal does appear sensible.

IV.2.2.2 Impact of the position of bacterial cells within a chain

The impact of the position of bacterial cells within chains of 2 up to 5 cells in a shear flow

on the maximal surface traction force (MaxSTF) exerted on each bacterial cell (ellipsoid

body) has been investigated. Results are presented in Figure IV.2.7 for chains of 3, 4,

and 5 cells.
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Figure IV.2.7: Maximal surface traction force (dimensionless) exerted on each bacterial
cell (ellipsoid body) for 5-cell chains (a), 4-cell chains (b), and 3-cell chains (c). Each bar
matches the cell position represented below. Results are normalized by chain length on
the highest value reached over one rotation period. Minima (light colors) and maxima
(sum of light colors and dark colors) reached over one rotation period are represented.
Dark colors represent the range of values between which the maximal surface traction
force varies over one period for a given cell position in a chain.
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Because shear flow acts equally on both sides of a single given chain centered at the

origin, MaxSTF profiles exhibit a periodic behavior of period π/2. This makes sense in

the limit of a bacterial suspension in which (i) chains are far apart enough that chain-

chain interactions can be neglected, which has been determined plausible in our case

after microscopic observations allowing assessing bacterial suspensions densities before

shearing (data not shown), and (ii) chains are far enough away from the nozzle walls, so

that chain-wall interactions can be neglected, which appears also plausible in our case

due to the high range of shear rates used, bacterial suspensions therefore likely to be more

concentrated near the center of the liquid channel. For more densely packed suspensions,

additional parameters taking into account both chain-chain and chain-wall interactions

may need to be considered.

Whichever chain length considered, the minimal value of MaxSTF reached over a

half-rotation period remains below 25 % of the highest value of MaxSTF. The maximal

value of MaxSTF, as well as the range of MaxSTF reached over a half-rotation period,

are respectively the highest and the largest for bacterial cells the closest to chain ends.

Therefore, the more bacterial cells are close to the center of a chain, the more likely they

are to be protected from damaging forces.

IV.2.2.3 Impact of the bacterial chain rotation angle

On a rotation period for quasi-rigid body motion, MaxSTF is periodic for each cell of

period [π]. Figure IV.2.8 represents the evolution of MaxSTF over one period for the

outer cells (left and right of the chain) and the center cell of a 3-cell chain. Location

of the MaxSTF is represented on pictures by cell by an open circle. We will call "outer

cells" the two cells at each end of a chain, and "inner cells" all other cells. In the case of

odd-numbered chains, the specific case of the bacterial cell located at the center of the

chain will be called "center cell" (still belongs to "inner cells"). The chain rotation angle

θ is defined as the angle taken at the center of the chain between the horizontal and

the global orientation of the chain, defined by the tangent to the center of the chain. In

the case of exact rigid body motion, θ is the angle between the horizontal and the chain
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Figure IV.2.8: Maximal surface traction force (MaxSTF) experienced by each bacterial
cell within a 3-cell chain in a shear flow as a function of the chain rotation angle θ during
a quarter rotation period; θ is the angle between the horizontal and the tangent to the
center of the chain. Open circles on pictures represent the location of the MaxSTF on
each cell for a given θ.

itself, and can be measured from any point of the chain. Behaviors observed in Figure

IV.2.8 for bacterial cells in 3-cell chains are similar to those of bacterial cells within 4-cell

chains, outer cells and inner cells presenting similar behaviors, and therefore have not

been represented here. Complete data set are available in Appendices C.1 for chains of

2, 3, and 4 cells and C.2 for 5-cell chains for more details.

Inner cells experienced a maximum MaxSTF when the chain got exactly perpendicular

to the flow i.e., θ reached π/2 such as represented in Figure IV.2.8 for 3-cell chains. This
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θ is indeed the closest the inner cells will ever get to full exposure to the shear flow.

However, the intensity of this maximum remained small. One hypothesis that could

explain this fact would be the existence of a local environment created by the outer

cells, which would reduce the intensity of traction forces exerted on the inner cells. Also,

although the inner cells may feel little traction forces, they should experience higher

internal tension in order to maintain quasi-rigid body motion [Tornberg and Shelley,

2004]. This translates into higher stretching of the connections nearest to the center of

the chain, such as presented in Figure IV.2.9. Indeed, springs connecting the inner cells
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Figure IV.2.9: Stretching of connections (cluster of springs) between bacterial cells in
5-cell (a), 4-cell (b), 3-cell (c), and 2-cell (d) chains. Values are expressed in %� of the
resting length d of each connection, which in the model is a dimensionless constant fixed
to 1. Each bar matches the connection represented below.

to one another stretched more than springs connecting inner cells to outer cells, due to

a higher local deformation of the chain during rotation. Stretching differences presented

in Fig. IV.2.9 remained low because of the quasi-rigid body motion imposed, however

this phenomenon is likely to amplify with increased chain flexibility. However, increased

stretching and internal tension do not impact directly bacterial surface, and therefore we

will not further detail these facts in the present study.

Outer cells experienced two maxima MaxSTF right before and just after the chain

got perpendicular to the flow, that is, when drags on both chain ends were the highest

(Fig. IV.2.8). These maxima are located at the free ends (cell poles) of the outer
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cells (Fig. IV.2.8) which, in our case, may be the parts of bacterial cells that feature the

most pili [Kankainen et al., 2009,Tripathi et al., 2012]. At these times, MaxSTF reached a

minimum for the inner cells. This supports the previous hypothesis of a local environment

created by outer cells in flow which would protect inner cells from the exterior shear flow.

When the chain got perpendicular to the shear flow it suddenly relaxed and snapped (See

Movies 1 and 2) due to full exposure to the flow. This snapping behavior explains the

sudden decrease in MaxSTF observed for outer cells at π/2, i.e., which coincide with the

maximum MaxSTF reached for the inner cells. Indeed, when θ reaches π/2, the outer

cells offered minimal resistance to the flow and therefore the local environment they

may have created which would have protected the inner cell vanishes briefly while the

chain snaps. Right after snapping was when most of the stretching shown in Fig. IV.2.9

occurs, therefore internal tension on inner cells and surface traction forces on outer cells

reached a new maximum, then slowly decrease as the chain got parallel to the flow, thus

minimizing exerted forces.

Overall, bacterial cells inside a chains are all the more protected from surface traction

forces than they are closer to the center of the chain, but are likely to feel high internal

tension forces all the more important than the chain is flexible. Bacterial cells on the

outside of a chain may experience higher surface traction forces range during rotation,

and the highest surface traction forces were found to be located near their cell poles,

which may be the sites where pili are the most abundant.

IV.2.2.4 Impact of bacterial chain length

The impact of chain length on maximal surface traction forces exerted on individual

bacterial cells within a chain in a shear flow has been investigated. Traction force profiles

are presented for chains of 2 up to 5 cells over a period [π] (corresponding to a half-rotation

period) in Figures IV.2.10a, IV.2.11a for outer cells, and in Figures IV.2.10b, IV.2.11b

for inner cells; data are compared with those obtained single cell (single body) in a shear

flow (reference case). The case of 5-cell chains, undergoing the most deformation, is

represented separately in Figures IV.2.11 for better readability. We will call FO the

191



Chapter IV.2. Shaving and breaking bacterial chains under shearing

2

4

6

8

10

12

14

�
4

3�
4

�

M
ax

im
al

 tr
ac

tio
n 

fo
rc

e 
(d

im
en

si
on

le
ss

)

Chain rotation angle θ

Reference (single cell)
2-cell chain

�
2

3-cell chain
4-cell chain

M
ax

im
al

 tr
ac

tio
n 

fo
rc

e 
(d

im
en

si
on

le
ss

)

5
4
3
2
1

1 3

1 3

2

2

2

(a)

(b)

(c)

No resistance
to the �ow

Shear �ow

Su
rf

ac
e 

tr
ac

tio
n 

fo
rc

e
-

+

Outer cells

Inner cells

Reference (single cell)
3-cell chain
4-cell chain

0

Figure IV.2.10: Maximal surface traction force (MaxSTF, dimensionless) experienced
by outer bacterial cells (a) and inner bacterial cells (b) of 2, 3, and 4-cell chains over
one period (corresponding to a half-rotation period) in quasi-rigid body motion. A visual
output is provided for 4-cell chains; θ is the angle between the horizontal and the tangent
to the center of the chain. Open circles on pictures represent the location of the MaxSTF
on each cell for a given θ. Results are compared with the MaxSTF experienced by a single
cell on the same period (reference case).
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Figure IV.2.11: Maximal surface traction force (MaxSTF, dimensionless) experienced by
outer bacterial cells (a) and inner bacterial cells (b) of 5-cell chains over one period
(corresponding to a half-rotation period) in quasi-rigid body motion. θ is the angle
between the horizontal and the tangent to the center of the chain. Open circles and red
dots on pictures represent the location of MaxSTF for each body. Red dots stand for
sensitive rupture points (SRP) identified near connection points. Results are compared
with the MaxSTF experienced by a single cell on the same period (reference case).

forces MaxSTF applied on the outer cells of a chain (cells at both ends of a chain), and

FI the forces MaxSTF applied on the inner cells of a chain (all other cells, including the
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cell at the center of the chain).

IV.2.2.4.1 Impact on cells on the outside of a chain (outer cells)

It appeared that FO(5-cell chains) > FO(4-cell chains) > FO(3-cell chains) > FO(2-cell

chains) > FO(single cells) (Fig. IV.2.10a, IV.2.11a), therefore, that the longer the chain,

the more likely outer cells are to get damaged by FO. Highest FO are reached for all

chains from 2 to 5 cells right before and just after snapping when θ = π/2 (the same

phenomenon is observed on the reference case). The longer the chain, the briefer the

snapping moment and the closer θ is to π/2 when highest FO are reached (Fig. IV.2.10a,

IV.2.10c, IV.2.11a, IV.2.11c). When the highest FO are reached, once again cell poles

of the outer cells are the most affected (Fig. IV.2.10c) which may cause important

damage to surface adhesive proteins such as pili. Lowest values of FO are reached for

slightly different θ around π/2 depending on chain length from 2 to 5-cell (Fig. IV.2.10a,

IV.2.10c), which can be attributed to the little flexibility allowed in quasi-rigid body

motion, which may cause little change to the position of the outer cells relatively to the

general orientation of the chain.

In the case of 5-cell chains presented in Fig. IV.2.11, an asymmetric behavior is

observed when comparing FO before and after snapping. This is due to the higher

flexibility of this chain compared to the other ones (Fig. IV.2.11c). Indeed, because the

stretching constant kL was fixed arbitrarily for all chain lengths, the longer the chain, the

more flexible it is. This limit of flexibility allows monitoring a S-shape deformation before

and during snapping (Fig. IV.2.11c(1), (2)) as outer cells offer less and less resistance to

the flow, whereas after π/2 the chain suddenly stiffens (Fig. IV.2.11c(3)), which leads

to increased FO and internal tension due to the stretching of the connections. When

increasing kL in order to get a more rigid behavior, FO before and after snapping become

symmetric again, of value similar to the highest value observed for the case presented in

Fig. IV.2.11a, IV.2.11c (stiff chain).
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IV.2.2.4.2 Impact on cells on the inside of a chain (inner cells) and potential

link with chain breakage

Forces FI(3-cell chains) and FI(4-cell chains) were found both inferior to FI(single cell)

(Fig. IV.2.10b), suggesting that the chain environment may help protecting better the

inner cells from FI. However, this was not the case anymore for 5-cell, as all inner cells

featured FI higher than the single cell reference case (Fig. IV.2.11b). This is likely

due to the more flexible behavior of chains longer than 4-cell which can be observed on

Fig. IV.2.11c for 5-cell chains. Because of this higher flexibility, the local protective

environment created by outer cells would vanish as θ gets close to π/2, due to increased

bending of the outer parts of the chain, and the inner cells would not only feel the

flow, but try to resist it, causing a local increase of FI near the connection points of

the inner cells (Fig. IV.2.11c(2)), therefore exposing the chain to potential breakage

around these points. Right after snapping, a positive bump in FI can be observed, likely

to be due to the stretch induced by the sudden stiffening of the chain. As the chain

keeps on stiffening and rotating after snapping, the local protective environment of the

inner cells is recovered and FI decreased again. A similar but smaller bump can also

be observed before snapping, due to the same phenomenon however softened by the

higher deformation of the chain. Similarly, bumps of FI can be observed before and

after snapping for 3-cell and 4-cell chains, due to small stiffening events (in the limit of

quasi-rigid body motion allowing only very little stretching and bending).

Overall, in the limit of quasi-rigid body motion, small chains are better protected

than long chains. As chains get long enough to present a more flexible behavior, outer

cells become slightly less affected due to increased chain deformation, and inner cells are

more likely to get damaged. Increased FI due to higher flexibility may locate near the

connection points between cells, which may favor chain breakage near these points.
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Figure IV.2.12: Location of sensitive rupture points (SRP) on 5-cell chains (a1, a2,
a3), 6-cell chains (b1, b2, b3), and 7-cell chains (c1, c2, c3) over time (dimensionless).
Code was run without hydrodynamic interactions and bacterial cells were represented by
spherical bodies. Open circles represent location of the maximal surface traction force
(MaxSTF) that do not impact connections between cells, red dots MaxSTF creating SRP
(near connection points) before breakage, and red circles MaxSTF locations of previous
SRP once connections were broken.

IV.2.2.5 Chain breakage as a function of chain length

IV.2.2.5.1 Breakage of 5-cell chains

Breakage may result from high MaxSTF near connection points between cells in a chain.

These forces may indeed weaken locally the strength of the connection, thus creating

an environment conducive to rupture. This is more likely to occur for longer chains

because of their increased flexibility leading to the creation of zones opposing a greater

resistance to the flow (Fig. IV.2.10c, IV.2.11c). We will call these weaker zones "sensitive
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IV.2.2. Modeling the impact of shear flow on bacterial chain integrity

rupture points (SRP)" for those near connection points. For the 5-cell chain presented

in Fig. IV.2.11, two SRP could be identified on configurations (1) of Fig. IV.2.11c

affecting connections 1 and 4, and three SRP could be identified on configuration (2) on

connections 2 and 3. The three SRP identified in configuration (2) related to much higher

forces than the SRP identified on the configuration (1) (Fig. IV.2.11b), as configuration

(2) is the one opposing the most resistance to the flow. Therefore, breakage would be

more likely to occur from the configuration (2), and would result in two 2-cell chains and

one single cell (issued from the center of the chain). It can be observed that two of the

SRP identified in this configuration are both located on connection 3, this connection

thus totalizing forces equal to the sum of both peaks presented in Fig. IV.2.11b, whereas

connection 2 only feels the highest peak (Fig. IV.2.11b). This suggests that connection

3 would break before connection 2, leading to a cascading fragmentation behavior. This

type of fragmentation has previously been observed on thin brittle rods [Audoly and

Neukirch, 2005] and was found to result from excessive bending, such as observed in

configuration (2) of Fig. IV.2.11c, followed by sudden release, occurring right after

snapping. The sudden relaxation of the curvature (which would correspond to chain

stiffening in our case) was found to lead to a series of flexural waves, which locally

increase the curvature in the rod and lead to cascading cracks [Audoly and Neukirch,

2005].

Breakage was directly observed on a chain of 5 spherical bodies (representing bacterial

cells) by lowering down respectively the force and torque breakage thresholds, maxf and

maxl. The location of MaxSTF was monitored for each cell and SRP conducive to rupture

were identified on Figure IV.2.12. On the 5-cell chain, similarly to what was observed

for a chain of same length constituted of ellipsoids in Fig. IV.2.11c, 3 SRP could be

identified in Fig. IV.2.12a1 that led to increased stretching of connections 2 and 3. As

suspected for the chain of ellipsoids, chain breakage of the chain of spheres effectively

results into one single cell (previously center cell) and two 2-cell chains such as observed

in Fig. IV.2.12a2,a3. However, although an asymmetry in the SRP distribution on

connections 2 and 3 could be observed in both cases (ellipsoids and spheres), for a chain
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Chapter IV.2. Shaving and breaking bacterial chains under shearing

of spheres two SRP were identified on connection 2 and one on connection 3, whereas the

reverse was observed for a chain of ellipsoids (Fig. IV.2.10, IV.2.11). This rearrangement

may be due to the fact that the configurations on which SRP have been identified, i.e.

configurations (1) and (2) of Fig. IV.2.11c for chains of ellipsoids and configuration (a1)

of Fig. IV.2.12 for chains of spheres, are not exactly comparable to one another as the

chain angle of Fig. IV.2.12a1 differs from both other configurations. Indeed, as the

simulations allowing observing breakage directly did not compute for full hydrodynamics

interactions, the same exact same configurations as observed for the chain of ellipsoids in

Fig. IV.2.11c could not be obtained for the chain of spheres. Nevertheless, fragmentation

in three parts resulting from cascading cracks could still be observed.

IV.2.2.5.2 Breakage of 6-cell and 7-cell chains

Breakage was directly observed on chains of 6 and 7 spherical bodies (bacterial cells) in

order to monitor whether the same fragmentation behavior could still be observed for

chains longer than 5 cells (Fig. IV.2.12). Fragmentation in three parts could still be

observed for both chain lengths. However, SRP were equally distributed on connections

that effectively broke (no connection was observed to possess more than one SRP). The

case of the 6-cell chains was found interestingly to feature 4 SRP, two of them reached

in configuration (b1) of Fig. IV.2.12, and the two other reached in configuration (b2),

all SRP affecting connections 2 and 4, first positioned near the outer bodies, then near

the inner bodies. This would suggest a breaking mechanism occurring in two steps:

the connections parts the more on the outside would weaken first, allowing increased

stretching of connections 2 and 4 which would then weaken the connection points on the

two cells the closest to the center, and eventually lead to breakage.

Only two SRP could be identified on 7-cell chains, on the outside of connections 2 and

4 (Fig. IV.2.12c1). For 6-cell chains, the chain core of 2-cell chains was the one inducing

chain deformation and breakage, and pairs of 2-cells on the outside only bent to initiate

the weakening of connections 2 and 4 (Fig. IV.2.12b1). On the contrary for 7-cell chains,

the pairs of 2-cells on the outside are the one inducing chain deformation and breakage

(Fig. IV.2.12c1). This may be due to the fact that the center cell in 7-cell chains felt
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the flow very little because it actually benefits from a double protection, from the core

cells on both sides of it, as well as from the pairs of 2-cell chains on the outside that

create a local environment around the chain when starting rotating. Thus well-isolated,

this center cell would not feel the need of rotating and would therefore slow down any

stretching motion that could be initiated by the three core cells. Therefore, connections

breakage almost only depend on the motion of the pairs of 2 cells on the outside of the

chain.

These observations suggest that fragmentation mechanisms of long chains of bodies

(such as bacterial chains) may depend on chain length. Breakage may involve cascading

cracks as observed for 5-cell chains (Fig. IV.2.11c, Fig. IV.2.12a1, IV.2.12a2, IV.2.12a3)

which however could not be generalized to all chains. Fragmentation behaviors observed

on 6-cell and 7-cell chains appear specific of the chain length considered and an effect of

the chain symmetry on chain breakage could be observed. All fragmentation behaviors

observed (in quasi-rigid body motion) led to breakage in three parts, which is coher-

ent with the behavior of thin brittle rods submitted to excessive bending [Audoly and

Neukirch, 2005]. This may support the hypothesis formulated in Section IV.2.1.2.1 on

4-cell chains likely to break in three parts, leading to two single cells and one 2-cell chains.

More simulations with longer chain length and involving full hydrodynamic interactions

may be interesting to precise the breaking behaviors, which we aim to present in future

work.

IV.2.2.5.3 Towards an integrated, mechanistic approach of chain breakage

modeling

Numerous statistical models deal with chain fragmentation, especially related to polymer

degradation or depolymerization [Aström, 2006,Banasiak, 2006,Banasiak and Noutchie,

2010,Carmona et al., 2014,El’darov et al., 1995,Forquin and Hild, 2010,Göpferich, 1996,

Kostoglou, 2000,Mantzaris, 2005,Mao et al., 2017,Montroll and Simha, 1940, Paturej

et al., 2011, Sjöstrand, 1988,Stickel et al., 2006,Ziff and McGrady, 1986]. Some reviews

provide an experimental (chemical) basis to their models [El’darov et al., 1995,Göpferich,

1996] and often correlate breakage probability with polymer weight. Most models of
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chain scission make assumptions on where chains are the most likely to break, and thus

different models can be valid in different settings. Most common modeling assumptions

include mid-chain or binary breakage [Mantzaris, 2005, Ziff and McGrady, 1986], end-

chain scission [Kostoglou, 2000,Stickel et al., 2006], ternary breakage [Ziff and McGrady,

1986], and random breakage [Montroll and Simha, 1940,Ziff and McGrady, 1986]. Some

models provide insight on the influence of chain length and position of bonds in the chain

on the breakage phenomenon [Ziff and Stell, 1980]. A recent study also proposed a chain

scission criterion based on the bond deformation energy attaining a critical value [Mao

et al., 2017].

Fragmentation of brittle materials was studied independently from polymer frag-

mentation [Aström, 2006,Audoly and Neukirch, 2005,Forquin and Hild, 2010]. Models

for brittle fragmentation include (i) instantaneous fragmentation (breakup generations

are not distinguishable), and (ii) continuous fragmentation (generations of chronological

fragment breakups can be identified) [Aström, 2006].

In the present study, as the behavior of chains is studied for quasi-rigid body motion,

models for brittle rods may appear of better relevance than classical polymer degradation

models, such as presented previously sections IV.2.2.5.1 and IV.2.2.5.2. For those type

of models, the authors refer to two excellent papers, the review by Astrom et al. (2006)

and the study of brittle rods by Audoly and Neukirch (2006) [Aström, 2006,Audoly and

Neukirch, 2005].

When considering more flexible cases, which could occur for longer chains and/or for

higher shear rates, the polymer models (bead-like chains) proposed by Ziff et al. (1986)

were briefly investigated and tested in relation to our experimental data. These models

take into account chain length and body position within the chain [Ziff and McGrady,

1986]. Ziff et al. present three different statistical models, respectively assuming binary,

ternary, and random breakage of chains [Ziff and McGrady, 1986], which give expressions

for the evolution of the proportion of chains of size x under various assumptions. The

binary model used a breakage rate F (x, y) = xy proportional to the product of the

resulting fragments for the binary breakage case, which makes sense in a context of
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parabolic distribution of the tension along the chain length such as what would occur in

extensional flow [Ziff and McGrady, 1986]. The ternary model was only briefly presented

and a constant breakage rate of F (y, z, x − y − z) = 1 for breakage of a chain of length

x breaking into fragments of lengths y, z, and x − y − z was used. The random model

used a breakage rate independent of the position of the bond (connection) within the

chain, F (x, y) = (x+ y)α, increasing exponentially at power α with the initial length of

the chain. All three expressions were briefly compared with our experimental data by

scaling the chain proportion variables on the smallest shear rate used when performing

spray-drying in our experiments, i.e. γ̇ = 3× 105 s−1, but these models failed to provide

good fits with our data, all three leading to a much higher single-cell proportion that

observed experimentally (data not shown). The fact that two-cell chains were observed to

be the most stable form of bacterial chains in flow was found difficult to explain through

statistical modeling of polymer fragmentation.

IV.2.2.6 Possible advantages of the 2-cell chain configuration

The proportion of 2-cell chains represented more than 50 % of the resulting chain size

distribution of LGG WT after shearing at γ̇ = 3× 105 s−1, and 2-cell chains was found

to be the most favorable chain configuration for bacterial cells in shear flow even at high

shear rates, before flocs and about equally with single cells, for all tested strains. In an

attempt to understand the advantages offered by this configuration compared to others,

as the existing statistical and mechanistic models we tried to fit with our data failed to

provide a satisfying explanation, we tackled the problem from a mechanical perspective by

investigating the effect of MaxSTF at the surface of 2-cell chains, as well as conditions that

may lead to 2-cell chains breakage using our model. Conditions leading to effective 2-cell

chain breakage have been gathered for different cases in Table IV.2.8 and were determined

for d ∈ {0.1, 0.5, 1}, kL ∈ {1, 10, 100, 1000, 10000}, r ∈ {0.1, 0.2, 0.3}, (maxf ,maxl) ∈

{(1, 1), (10, 10)}, γ̇ ∈ {1, 2, 3, 5, 10}. Different resting lengths of connections between

cells were also investigated: d was scaled respectively with the half-length of the cell, the

quarter-length of the cell, and the 20th-length of the cell. In reality, the length of the
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Body type Hydrodynamic interactions
Breakage conditions

d kL r maxf , maxl γ̇
Sphere Off 1 ≥ 10 0.1 1,1 ≥1
Ellipsoid Off 1 ≥ 10,000 0.1 1,1 ≥1
Ellipsoid On 1 ≥ 10,000 0.1 1,1 ≥1
Sphere Off 0.1 ≥ 10 0.1 1,1 ≥2
Ellipsoid Off 0.1 ≥ 10 0.1 1,1 ≥2
Ellipsoid Off 0.5 ≥ 10,000 0.1 1,1 ≥1
Ellipsoid On 0.5 ≥ 10,000 0.1 1,1 ≥1

Table IV.2.8: Breakage conditions required for the rupture of 2-cell chains into single
cells, depending on the system parameters d, kL, r, maxf , maxl, respectively the resting
length of the connection between the two cells, the stretching constant of the connection,
the radius of the connection (determining bending abilities), and the force and torque
threshold conducive to rupture, and of the applied shear rate γ̇. Hydrodynamic inter-
actions could be turned on or off depending on the version of the code that was used.
Conditions were investigated for both dumbbells (2-cell chains with spherical bodies) and
chains with ellipsoidal bodies were investigated.

connection linking two bacterial cells to one another in a chain depends on the growth

stage of each cell [Cabeen and Jacobs-Wagner, 2005, Cabeen et al., 2009, Cava et al.,

2013, Clark and Ruehl, 1919, Coley et al., 1978, Egan and Vollmer, 2013,Grover et al.,

1977,Harry, 2001,Harry et al., 2006,Rosenberger et al., 1978,Turner et al., 2013,Way,

1996], as well as on various cell division characteristics such as the physico-chemical

composition of the linkage [Altermann et al., 2004,Coley et al., 1978,Egan and Vollmer,

2013, Previc, 1970, Typas et al., 2012] and the cell growth differentiation phenomenon

[Cava et al., 2013,Rosenberger et al., 1978,Grover et al., 1977,Turner et al., 2013,Cabeen

et al., 2009]. It influences the perforation mechanism [Palumbo et al., 2006,Harry et al.,

2006, Harry, 2001] and the symmetry or asymmetry of the division event [Egan and

Vollmer, 2013,Harry et al., 2006,Harry, 2001,Monahan et al., 2014,Way, 1996, Previc,

1970].

When d = 1 i.e. the connection scales with the cell radius (or half-length in the

case of ellipsoids), MaxSTF exerted on 2-cell chains were still found higher than those

exerted on single cells (Fig. IV.2.8), although lower than for all longer chains (Fig.

IV.2.10,IV.2.11). Also compared to longer chains, breakage of 2-cells chains was much

more difficult to observe. Only high bending capacities (ε = 0.1) combined with rela-
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tively low stretching abilities kL ≥ 10 and the lowest possible rupture force and torque

thresholds, i.e. maxf=maxl=1, allow visualizing dumbbell breakage for γ̇ = 1. When

considering chains of ellipsoids, chains needed to be even stiffer to break as breakage was

only observed from kL ≥ 10, 000. This suggests that 2-cell bacterial chains constituted

of ellipsoidal or rod-like cells, such as lactobacilli, would be more difficult to break than

chains of beads, such as cocci. Indeed, the region between two spheres is narrower than

the one between two ellipsoids of comparable half-length (bottleneck effect), and there-

fore, feels higher traction forces and would be more likely to break. Similar breakage

conditions were observed for dumbbells of ellipsoidal cells separated by d = 0.5, whether

or not hydrodynamic interactions were considered.

For d = 0.1 i.e. scaling with the 10th of the sphere radius or ellipsoid half-length (so

with the 20th of the total cell length), dumbbell breakage could not be observed in the

same conditions as for d = 1, whether considered bodies were spherical or ellipsoidal. A

higher shear rate (γ̇ = 2) was necessary to lead to rupture (Table IV.2.8), which could

then occur for more floppy chains as well (ks as low as 10). This would suggest that

when the bodies of a dumbbell are very close to one another, which could be the case

of two bacterial cells shortly after occurrence of the cell division process, rupturing the

connection between these cells could be very difficult. These 2-cell chains may actually

behave like single cells of higher aspect ratios (4:1 e.g.). As cells elongate and the distance

between them increase, breakage may be easier, as seen for d ≥ 0.5.

This would explain why 2-cell chains are less likely to break than all other chain

configurations when exposed to shearing, thus why the 2-cell chains proportion is the

highest obtained after shearing even at low shear rates. Single cells may be a more fa-

vorable configuration than 2-cell chains looking at the surface traction forces, however

as 2-cell chains are very difficult to break and bacteria in their native form mostly orga-

nized in long chains (Fig. III.4.1), single cells coherently did not represent an important

proportion of the suspension after shearing at low shear rates. However, for increased

shear rates applied repeatedly as shown in Tables IV.2.1, IV.2.2, and IV.2.3, all chain

proportions reduce and the proportion of single cells increases. This is coherent with the
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single cell configuration being a favorable configuration under shear (the most favorable

configuration in terms of traction forces), however difficult to obtain from 2-cell chains

as those are also favorable and hard to break.

IV.2.3 Proposed relationship between bacterial shape and

functionality in a shear flow

Most bacterial functionality losses and chain breakage events were observed at very low

shear rates (γ̇ = 3.0 × 105), concomitantly with an important rise of the proportion

of 2-cell chains. As seen from the simulations, long chains, such as the ones present

initially in bacterial suspensions before shearing, experienced higher traction forces than

smaller chains, especially at the chain ends. Also, as a chain gets perpendicular to the

flow the maximum traction forces locate near contact points, previously described in

this paper as "sensitive rupture points" (SRP), which may lead to breakage near those

points. Combining experimental and numerical results, the shearing-induced rupture of

bacterial chains can be envisioned as a protective process allowing preserving bacterial

functionality, such as represented in Figure IV.2.13.

Initial (long) chains would first get broken near SRP, while cells at both ends of the

chain would feel high surface traction forces ("shaving") leading to important surface

damages i.e. functionality losses. On the contrary, cells closer to the center of the chain

would experience little damage thanks to a local, protective environment created by the

cells on the outside of the chains, which would act as buffers. Then, as chains shorten

due to breakage, both shear stress exerted at contact points and surface traction forces

exerted on cells would decrease, thus lowering the probability of surface damages and

breakage. Ultimately, exerted stress and forces may become too low to induce either

further chain breakage or cell surface damage, therefore the adhesive functionality of the

resulting bacterial cells in small chains would remain preserved.

This proposed relationship between bacterial functionality and bacterial organiza-

tion represents one more step towards a better understanding of the factors that could

lead bacteria to shape differently when placed in favorable or detrimental environmental
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Figure IV.2.13: Proposed relationship between bacterial functionality and shearing-
induced bacterial chain breakage. Microscopic pictures illustrating the initial, inter-
mediary, and final state have been taken for Lactobacillus rhamnosus GG respectively
for a control suspension (initial state), after one-time shearing at a rate of 3.0×105s−1

(intermediary state), and after repeated shearing at 11×105s−1.

conditions. As bacterial sensitivity to shear may depend on the composition of their

growing medium, the impact of protective matrices embedding bacteria, such as dairy

matrices (cheese- or yoghurt like) on bacterial organization and bacterial functionality

when sheared (mimicking the food manufacturing process) may be explored in future

work.
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IV.3

Modeling bacterial adhesion in a

shear flow: dynamics and damages

IV.3.1 Rigid body motion

We will begin our investigation by examining the particular dynamics of a rigid dumbbell

in a shear flow, which we will call Rigid Body Motion dynamics (RBM dynamics). We

will first consider the case of a dumbbell constituted of two spheres of identical size

(|rA| = A, |ra| = a, A = a), connected by a rod of fixed length d (d = a). We will

refer to this case throughout the text as the reference symmetric case. We will then

consider the case of an asymmetric dumbbell (|rA| = A, |ra| = a, A), still connected by

a rod of length d (d = a). This case will be referred throughout the text as the reference

asymmetric case for a given radius A. A general representation of rigid body motion

for an asymmetric dumbbell is presented in Figure IV.3.1. Quantities described on this

figure will be used consistently throughout this section. This includes notations for the

centroids xA, xa, the radii A, a, the distance d between the surface of the bodies, and

the angle θA describing the rotation of the system over time. For the specific case of the

system being initially horizontal (resting position), monitoring the behavior of the angle

θA = f(t) allows keeping track of the system displacements over time in a shear flow.

The norms of the vectors R, rA, ra will be written as R, rA, ra. The translational and
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d

xAA
θA(t)

xa

a
ra

rA (X,Y)

Figure IV.3.1: General representation of a rigid dumbbell (reference case). The angle θA
keeps track of the position of the system comparatively to the horizontal. The coordinates
of the system origin are (X,Y ). Other quantities described on this figure are the centroids
xA, xa, the radii A, a, the distance d between the surface of the bodies, and the vectors
rA, ra.

angular velocities (not represented on Fig. IV.3.1) are called respectively UA, Ua, ΩA,

and Ωa. The forces exerted by the rod of length d on each body are called FA and Fa.

IV.3.1.1 Symmetric dumbbell

IV.3.1.1.1 Influence of hydrodynamic interactions

In this section we will solve analytically for the dynamics of a symmetric dumbbell such

as described in Fig. IV.3.1 in the absence of hydrodynamic interactions (h.i.). We will

then compare our solution to numerical results obtained while taking into account h.i.

As a first pass we therefore have rA = −ra at t = 0. Because we are solving locally i.e.

for low Reynolds numbers, the sums of forces and torques applied on each body are all
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equal to zero:

FA − 6πµA

(
UA −

(
A+

A2

6
∇2

)
u∞(xA)

)
= 0, (IV.3.1)

rA × FA + MA − 8πµA3

(
ΩA −

1

2
∇u∞(xA)

)
= 0, (IV.3.2)

Fa − 6πµa

(
Ua −

(
a+

a2

6
∇2

)
u∞(xa)

)
= 0, (IV.3.3)

ra × Fa + Ma − 8πµa3
(

Ωa −
1

2
∇u∞(xa)

)
= 0. (IV.3.4)

As the rod between the two bodies can be considered as an additional third body (we

will write ê the unitary vector in the direction of rA):

−FA − Fa = 0 =⇒ FA = −Fa = Fr, (IV.3.5)

−Ma −MA +
d

2
ê× (−Fa)−

d

2
ê× (−FA) = 0. (IV.3.6)

And because the considered system is rigid, the following statements establishing a rela-

tionship between translational and angular velocities are also valid:

ΩA = Ωa = Ω, (IV.3.7)

Ua = UA + Ω× (xa − xA). (IV.3.8)

The back-flow terms ∇2u∞(xA),∇2u∞(xA) generated by one body over the other will

be neglected in front of the velocities UA,Ua as they decay at a rate of 1/R3.

RBM dynamics depend on the dumbbell aspect ratio which we will call χ = (4a+d)/2a.

In the limit of bodies of identical size A = a standing very far from one another in the

initial state, i.e. d → ∞ at t = 0, the rotation rate scales with −(γ̇/χ2) ŷ, giving the

initial vertical impulse. Translational velocities later get into play as they scale with

(aγ̇/χ) ŷ. The horizontal component of the translational velocities remains constant and

equal to Y γ̇.

In order to be able to evaluate the behavior of the system as a function of time, we
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define Ω, UA, and Ua in terms of θA(t) (Fig. IV.3.1). In two dimensions, the centroids

coordinates can therefore be defined as functions of θA for general initial conditions (Fig.

IV.3.1):


xa1 = X + (d/2 + a) cos θA,

xa2 = Y + (d/2 + a) sin θA

and


xA1 = X − (d/2 + a) cos θA,

xA2 = Y − (d/2 + a) sin θA

Solving for UA, Ua, Ω = Ωzẑ in relation to θA:

UA =


γ̇Y −

a

α2
γ̇ (α1 sin θA − α3 sin(3θA))

γ̇a

16α2
cos θA

(
α4 + α3 sin2 θA

)
 , (IV.3.9)

Ua =


γ̇Y +

γ̇a

α2
(α1 sin θA − α3 sin(3θA))

−
γ̇a

16α2
cos θA

(
α4 + α3 sin2 θA

)
 , (IV.3.10)

Ω =
−γ̇
α2

(
1 +

α3

α4
sin2 θA

)
ẑ, (IV.3.11)

with (recalling the aspect ratio χ = (4a+ d)/(2a)),

α1 = (2a+ d)(68a2 + 36ad+ 9d2)/a3 = 8(χ− 1)
(
9χ2 − 18χ+ 17

)
, (IV.3.12)

α2 = 8(28a2 + 12ad+ 3d2)/(8a2) =
1

2

(
3χ2 − 6χ+ 7

)
, (IV.3.13)

α3 = 3(2a+ d)3/a3 = 24(−1 + χ)3, (IV.3.14)

α4 = 8(2a+ d)/a = 16(−1 + χ). (IV.3.15)

Integrating θ̇A = ẑ ·Ω, we find the orientation as a function of time,

θA(t) = − tan−1

√α4 tan
(
γ̇t
√
α3+α4

α2
√
α4
− tan−1

(√
α3+α4 tan(θA(0))√

α4

))
√
α3 + α4

 (IV.3.16)
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For the symmetric case, RBM dynamics can be entirely predicted by the equations

(IV.3.9), (IV.3.10), (IV.3.11), (IV.3.16). These equations can be expressed in full or

in function of the aspect ratio χ. Similarly, when expressed in terms of χ, the period

TRBM of a rigid dumbbell can be compared to the period of rotation of a single ellipsoid

in a shear flow referred to as the Jeffery orbit [Jeffery, 1922]. The aspect ratio of the

ellipsoid will be called χJ :

TRBM =
2πα2

√
α4

γ̇
√
α3 + α4

=

√
2π
√
χ− 1(3(χ− 2)χ+ 7)

γ̇
√

(χ− 1)(3(χ− 2)χ+ 5)
, (IV.3.17)

TJ =
2π

γ̇

(
χJ +

1

χJ

)
. (IV.3.18)

In the limit of χJ →∞, the Jeffery orbit scales with χJ and therefore becomes infinitely

long, whereas as χ → ∞, TRBM converges towards 2πγ̇ 7√
10
. Indeed, in the case of a

single prolate body, as the aspect ratio increases the body looks more and more like

an infinite rod, which requires very high forces in order to start rotating into the fluid.

However, unlike the infinite rod, in the dumbbell case, as the distance between the two

bodies becomes sufficiently large, TRBM stabilizes when no hydrodynamic interactions

are considered: both bodies experience traction forces as if they were alone in the fluid.

When hydrodynamic forces are taken into account, the system reaches a higher rotation

rate when getting perpendicular to the flow and TRBM increases. Representative curves

illustrating this phenomenon are presented in Figure IV.3.2.

Numerically, the RBM reference case is recovered for sufficiently large stretching and

bending stiffnesses. The higher the distance between the bodies, the higher the stiffnesses

need to be in order to ensure conservation of the dumbbell rigidity.

When comparing the model without h.i. and the numerical results obtained when

taking into account all hydrodynamic interactions, Thydro ≥ Tnon hydro with Thydro =

Tnon hydro in the limit of d → ∞ since hydrodynamic interactions can be neglected for

spheres really far apart. Numerically, the range of d tested varied between 0.1 and 10 and

this limit could never be reached. However, our results showed a trend confirming that the

further apart bodies are, the closer Tnon hydro gets to Thydro because the less hydrodynamic
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Model without h.i.
Simulation with h.i.

-0.4
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Ω
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(a) Symmetric (b) Asymmetric

Figure IV.3.2: Rigid body motion (RBM) for a symmetric (a) and an asymmetric (A = 5,
a = 1) (b) dumbbell in a shear flow: influence of the presence of hydrodynamic forces
(h.i.) on the rotation rate. Bending and stretching stiffnesses were fixed high enough to
ensure RBM, i.e. cluster radii controlling bending stiffness are εsym = 0.1, εasym = 0.5,
and stretching stiffnesses are ks(sym) = 10, 000, ks(asym) = 20, 000. In both cases,
distance between spheres was d = 1. Dimensionless velocity (Ω/γ̇) and time (tγ̇) are
represented.

forces matter. In the limit of d→∞ (not reached numerically), Tnon hydro ≈ Thydro and

log (Error) ≈ − log(d). Hence, the analytics developed for the RBM case in this section

proved to provide a good estimate of the dynamics of a rigid dumbbell in the limit of

two bodies being far apart. In fact, the model provided a surprisingly accurate estimate

in the case presented on Figure IV.3.2, given the fact that bodies are actually very close

to one another in this case (d = 1 = a).

IV.3.1.1.2 Traction forces

In this section we will present analytical expressions for traction forces T = f(t) exerted

on the surface of a rigid dumbbell in a linear flow. These expressions have been established

for the asymptotic case when bodies are far apart from one another, i.e. in the limit of

large d. Numerical simulations using full h.i. will be used for comparison when plotting

traction profiles. Color changes on the surface of the bodies attest visually for changes in

exerted traction forces (Figure IV.3.3). Another asymptotic case is considered in Section
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IV.3.1. Rigid body motion

IV.3.1.2.2 when dealing with asymmetric dumbbells.

Figure IV.3.3: Traction forces exerted on the surface of a symmetric dumbbell during
rigid body motion (RBM) in a shear flow. Correspondence with dynamics Ω/γ̇ = f(tγ̇)
with hydrodynamic interactions (h.i., solid black line), traction profile with h.i. (dotted
grey line), and model traction profile (solid grey line) are represented over the course
of one period (dimensionless numbers). Color scale changes on the pictures represent
variations in surface traction forces over time; all traction forces superior to 3 show in
yellow. An open circle on each body represents the location of the maximal traction
force at a given time t. Cluster radius controlling bending stiffness is ε = 0.5, stretching
stiffness is ks = 10, 000, distance between spheres is d = 1.0. See Movie 3 for similar case
but with ε = 0.1.

For large d, the total surface traction applied on any of the bodies can be approxi-

mated by the sum of (i) the traction TF due to the net force F, (ii) the traction TL due

to the net torque L, and (iii) the traction TEE due to the linear background flow EE.

Analytical expressions for the maximum of each of these forces have been calculated for
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general boundary conditions and are given below for a sphere of given radius length a.

TF =
− F

4πa2
, (IV.3.19)

TL = −
3(L×R)

8πR4
, (IV.3.20)

TEE = 5µEE.
R

R
. (IV.3.21)

Where µ is the dynamic viscosity of the fluid, and R is the direction of the rod connecting

the two bodies and R its length. This asymptotic case was compared with numerical

results obtained for d ranging from 0.1 to 10 for sufficiently large ks and ε in order

to recover RBM. It appears that even for d as small as 1, the model provides a good

estimate of the traction forces exerted on the bodies (Fig. IV.3.3). These traction forces

increase as the system gets in rotation in the shear flow and reach a maximum at π/4 [π]

(picture 2, Fig. IV.3.3). Once the system gets passed this angle, forces decrease until the

system reaches a velocity of 0.5 (i.e. similar to the one experienced by a single sphere

in a shear flow, picture 3) then, as the rotation rate keeps on increasing the tractions

suddenly increase to reach new maxima around π/2 [π] (picture 4). Traction forces

maxima (reached at angles of π/4 [π] and around π/2 [π]) are located on the sides of

the bodies. The smallest traction forces are exerted once the system reaches an angle of

π/2 [π] i.e. gets perpendicular to the flow. In this position, the maximal traction forces

are exerted on both sides of the bodies but actual forces values are very low (picture 5,

Fig. IV.3.3). Surfaces the most exposed to the flow (top and bottom of the two bodies)

experience even lower forces at this point. This is because the system is unstable in this

position and rotates freely and quickly (the rotation rate is almost twice as high as the

one of a single sphere in a shear flow at this point).
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IV.3.1.2 Asymmetric dumbbell

IV.3.1.2.1 Dynamics

The dynamics of a rigid asymmetric dumbbell such as presented in Fig. IV.3.1 in the

absence of hydrodynamic forces are described by Eqs. (IV.3.1)-(IV.3.6). These equations

have been simplified using Eq. (IV.3.11), (IV.3.9), (IV.3.10) and can therefore be written

as follows for resting initial conditions:

Fr − 6πµAuA = 0, (IV.3.22)

rA × Fr + MA − 8πµA3

(
−ΩA −

γ̇

2
ẑ

)
= 0, (IV.3.23)

−Fr − 6πµaua = 0, (IV.3.24)

ra × (−Fr) + Ma − 8πµa3
(
−Ωa −

γ̇

2
ẑ

)
= 0, (IV.3.25)

−Ma −MA +
d

2
ê× 2Fr = 0, (IV.3.26)

Ua −UA −Ω× (xa − xA) = 0. (IV.3.27)

When solving for general initial conditions i.e.= xA = (X −
(
d
2 +A

)
, Y ), xa = (X +(

d
2+
)
, Y ) we find:

UA = Y x̂ + a V Q−1 γ̇ ŷ, (IV.3.28)

Ua = Y x̂−A V Q−1 γ̇ ŷ, (IV.3.29)

Ω = −2Q−1(a4 + a3A+ aA3 +A4) γ̇ ẑ, (IV.3.30)

where

V = 2(a+A)(a2 − aA+A2)(a+A+ d), (IV.3.31)

Q = 4a4 + 7a3A+ 4A4 + 6a2A(A+ d) + aA(7A2 + 6Ad+ 3d2). (IV.3.32)

In the limit of a → A, the expressions of Ω, UA, Ua for a symmetric dumbbell
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described by Eq. (IV.3.11), (IV.3.9), (IV.3.10) are recovered. Whereas the rotation rate

equally depends on both bodies, the vertical component of the translational velocity of

one body is found to be linearly proportional to both the size of the other body and the

shear rate. This means that in a case of two bodies presenting relative sizes differences,

the small body is the one initiating the system rotation which is being stunted by the

big body. In the limit of one body being really big compared to the other (A� a), the

big body motion is independent from the small body motion, whereas the latter only

depends on the big body motion. Indeed in this case, the position of the center of mass

of the body A remains identical over time (this body rotates like what would do a sphere

alone) whereas the small body attached to the surface spins at a very high rate around

it, this rate being directly proportional to the size of the big body.

When expressing Ω as a function of θA(t) as done previously for the symmetric case,

we get the following expression:

Ωz(t) = θ̇A(t) = γ̇
α5

Q
+ γ̇

α6

Q
sin2 θA(t), (IV.3.33)

α5 = −2(a4 + a3A+ aA3 +A4), α6 = −(3aA(a+A+ d)2).

Integrating, the orientation of the system is given by

θA(t) = tan−1

( √
α5√

α5 + α6
tan

[√
α5(α5 + α6)

Q
γ̇t

])
. (IV.3.34)

These dynamics are recovered numerically for sufficiently high values of ks and ε in the

limit of large d (neglecting hydrodynamic interactions). The bigger the size difference,

the higher ks and ε need to be in order to maintain RBM.

When comparing these expressions to outputs of simulations taking into account hydro-

dynamic interactions similarly to what we did before for the reference symmetric case

(Section IV.3.1.1.1), we found that Thydro ≤ Tnon hydro with Thydro = Tnon hydro in the

limit of d → ∞ (when h.i. become neglectable) or in the limit of A � a, in which

latter case dynamics scale with the big body as the impact of the small body becomes
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neglectable. Contrary to what happens for the symmetric case, when h.i. are taken into

account the system reaches a lower rotation rate than for the model without h.i. when

getting perpendicular to the flow (Fig. IV.3.2). This means that the bigger the big

body is, the smaller the impact caused by the small body i.e. the closer the rotation

rate is to 0.5 (rotation rate of a single sphere) and that this phenomenon is amplified

by hydrodynamic interactions. Hydrodynamic interactions also lower the size difference

threshold required to observe this phenomenon.

So far we have shown that h.i. impact the dynamics of a rigid dumbbell in a shear

flow by amplifying the dominant trend. Hydrodynamic interactions delay the motion

of symmetric dumbbells but the flipping itself occurs faster than in the absence of h.i.:

both bodies work in synergy, either against the flow (longer lag period) or within the

flow (quicker flipping). However, it appears that even for a small distance d between the

bodies, the model gives surprisingly accurate results despite the fact that h.i. are not

taken into account (d = 1 on Fig. IV.3.2 e.g.). In the asymmetric case, this is due to the

fact that the velocity rate of the system is very close to the velocity rate of a sphere as

soon as the difference in size between both bodies is large enough, i.e. that the influence

of the small body on the rotation rate can be neglected. This is already the case for

A = 5 and a = 1 (Fig. IV.3.2). Asymmetric dumbbells dynamics are slightly fastened

when taking into account h.i.. The bigger the big body is, the faster the impact of the

small body becomes neglectable, and this is all the more verified when h.i. are taken into

account.

IV.3.1.2.2 Traction forces: aymptotic case of large A

We previously proposed analytical expressions for the traction forces exerted on the sur-

face of bodies within a dumbbell. These expressions were established for rigid symmetric

dumbbells in a shear flow, in the limit of bodies being far apart i.e. no h.i. (Section

IV.3.1.1). For the specific case of an asymmetric dumbbell featuring two bodies of re-

spective radii A and a, A � a, the total surface traction exerted on the small body a

approximated for large d is likely to be mostly due to the drag caused by the big body A,

thus causing to neglect other possible forces (lubrication theory). In this case, assuming a
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velocity ΩA = γ̇
2 ẑ for the body A in a shear flow of constant shear rate γ̇, the total surface

traction Ta exerted on the body a can be approximated by Ta ≈
− 3γ̇(A+ a+ d)

4a
x̂. For

big A, this expression scales linearly with the body size ratio A : a, as Ta ≈
− 3γ̇

4

A

a
x̂.

Another asymptotic case can be drawn for small d, as in this case the total surface

traction perceived by the body a can be approximated using the stresslet generated by

the body A in a shear flow in order to match the no-slip boundary condition. This

stresslet is impacted by the presence of a small body near the surface of the main sphere

thus creating an additional drag on the surface of this body. In 2D, the net traction force

fa exerted by surface area on the small body can therefore be expressed as follows:

fa =


fa1

fa2

fa3





fa1 =
ya(5a

2A3(4x2a − y2a) + 3(A5(4x2a − y2a)− 5A3x2aR
2 +R7))γ̇µ

4aR7

fa2 =
xa

4a
(3−

A3(5a2(x2a − 4y2a) + 3A2(x2a − 4y2a) + 15y2aR
2))

R7
γ̇µ

fa3 = 0

(IV.3.35)

Where R = (xa, ya) with R the rod connecting the two bodies.

The value of traction forces applied on the small body depend on its position compared

to the big body in rotation in the shear flow (Fig. IV.3.4) which, in RBM, corresponds

to θA (Fig. IV.3.1). Therefore, it can be interesting to monitor MaxSTF(θA) = f(θA),

MaxSTF(θA) being the value of the maximal surface traction force applied on the surface

of the small body for a given angle θA. In the limit of very large A (A = 1
K , K → 0) for

d = 1, a = 1, MaxSTF can be approximated by the following expression for asymmetric

rigid dumbbells (at first order in K):

MaxSTF(θA, A) =
5γ̇µ

8A

√
cos2 θA(39 + (−89 + 12A) cos2 2θA) + (39 + (89− 12A) cos2 2θA) sin2 θA

(IV.3.36)
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Figure IV.3.4: Traction forces exerted on the surface of a symmetric dumbbell during
rigid body motion (RBM) in a shear flow with hydrodynamic interactions (h.i.) for the
small (light grey) and big (dark grey) body (dotted grey line) of an asymmetric dumbbell
in RBM (A = 5, a = 1, d = 1, ε = 0.5, ks = 100, 000). Correspondence with dynamics
Ω/γ̇ with h.i. (solid black line), as well as with reference case dynamics (symmetric
dumbbell in RBM, dotted black line) are represented over the course of one rotation
period (dimensionless numbers). Color scale changes on the pictures represent variations
in surface traction forces over time; all traction forces superior to 3 show in yellow. An
open circle on each body represents the location of the maximal traction force MaxSTF
at a given time t.

This function is periodic of period π
2 and reaches three extrema on [0, π2 ], respectively

for θA = 0, θA = π
4 , and θA = π

2 . Depending on the value of A, these extrema are either

maxima or minima. The behavior of MaxSTF = f(A) was studied further using the three
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Figure IV.3.5: Influence of the size of the big body of radius A on the maximal surface
traction force MaxSTF exerted on the small body a = 1 at θA = π/4 and θA = π/2, θA
being the angle between the actual and the initial position of the small body relatively
to the big body. Traction forces represented are issued from Eq. (IV.3.37), (IV.3.38),
and (IV.3.39) and do not take hydrodynamic interactions into account.

following extrema functions:

MaxSTF(0, A) =
5γ̇µ

8A
| − 50 + 12A| (IV.3.37)

MaxSTF(π/4, A) =
195

8A
γ̇µ (IV.3.38)

MaxSTF(π/2, A) = MaxSTF(0, A) (IV.3.39)

Expressions of MaxSTF(π/4, A), MaxSTF(π/2, A) have been represented for A ∈ [1, 10] in

Figure IV.3.5. These expressions are equal for the size threshold Athres = 89/12 ≈ 7.42,

and MaxSTF(π/2, A) reaches a minimum for A = 25/6 ≈ 4.16. The periodicity of

traction forces exerted on the small body for asymmetric rigid dumbbells, as well as the

angles matching the minimal and maximal values of these traction forces over time, were

in agreement with the traction profiles computed numerically with full h.i. The value of

the numerical size threshold was lower than our theoretical value (5 < Athresnum < 6).
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However, this issue can be addressed using a finer approximation for MaxSTF. At third

order in K instead of first order we found indeed a size threshold of Athres ≈ 5.5071

matching the interval observed for full h.i. (Fig. IV.3.6). The modified expression of

MaxSTF at third order in K is given below:

MaxSTF(θA, A) = 5γ̇µ
1

16A2

√
κ1 (cos θA + sin θA) + κ2 (cos2 3θA − sin2 3θA)

(IV.3.40)

With 
κ1 = (136 +A(−8−A(−11 + 12A)))

κ2 = (−1640 +A((424 +A(−89 + 12A)))

(IV.3.41)

Theoretical traction profiles using Eq. (IV.3.40) were plotted against numerical traction

profiles screening for A around Athres (Fig. IV.3.6). Theory and numerics both agree on

values of θA leading to extrema during one full rotation in RBM. For θA ∈ [0, 2π] in the

limit of large A:

• For A < Athres, traction forces exerted on the small body are:

– maximal for θA = −π/4, θA = −3π/4, θA = 3π/4, and θA = π/4

– minimal for θA = 0, θA = −π/2, θA = −π, and θA = π/2

This can be observed for example on Fig. IV.3.4. The picture (2) matches one of

the maxima of the traction forces applied on the small body and corresponds to

θA = −π/4, whereas the pictures (3), (4) match two traction forces minima and

correspond respectively to θA = −π/2 and θA = −π. Traction profiles for A = 5

represented in Fig. IV.3.6 also support this observation for both theoretical and

numerical traction forces.

• For A > Athres such as presented in Fig. IV.3.6, traction forces exerted on the

small body are:
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Figure IV.3.6: Theoretical (dotted lines) and numerical (solid lines) traction profiles
for maximal surface traction forces MaxSTF exerted on the surface the small body of
an asymmetric dumbbell (A ∈ J5; 7K, a = 1) during rigid body motion (RBM) in a
shear flow. θA varies between [0, 2π] (full system rotation) and represents the angle
between the actual and the initial position of the small body relatively to the big body.
Cluster radius controlling bending stiffness is ε = 0.5, distance between spheres is d =
1.0. Stretching stiffness was adjusted in order to maintain RBM. Traction profile of the
reference symmetric case (RBM) is also presented for comparison.

– maximal for θA = 0, θA = −π/2, θA = −π, and θA = π/2

– minimal for θA = −π/4, θA = −3π/4, θA = 3π/4, and θA = π/4

The numerical values of the traction forces, however, were almost two times higher than

the ones produced by our model (Fig. IV.3.6) and increase with A, therefore our the-

oretical evaluation of MaxSTF cannot provide reliable quantitative results. We can also
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notice that for A insufficiently large, traction forces are not exactly periodic in π/2 but

in π. This can be due to the fact that this model was established in the limit of small d

and large A (as inspired from lubrication theory) whereas numerically, we still scaled d

with a. Also, the nature of the connection between the two bodies is not specified in our

model, whereas it can be argued that it also has an impact on the traction profiles ex-

erted on both bodies. At this point, being aware of these limits, our theoretical MaxSTF

only served as a basis to establish the periodicity of the traction forces as well as the

size threshold determining the values of θA leading to maximal and minimal values of

MaxSTF. Numerical traction forces exerted on the big body were also monitored with

full h.i., revealing an inverted periodicity compared to traction profiles obtained for the

small body: when the forces are maximal on the small body, they are minimal on the

big body, and vice versa. Also, the higher A, the lower the maximum traction value

exerted on the big body as the closer the behavior of the system is to a single sphere,

the impediment created by the small sphere becoming neglectable. This reaffirms the

idea developed in Section IV.3.1.2.1 that the bodies in an asymmetric dumbbell act an-

tagonistically, contrary to what happens for a symmetric dumbbell, which bodies work

in synergy.

IV.3.2 Flexible dumbbells

In this section we consider that the two bodies of the dumbbell are connected by a cluster

of springs which allows the system both to stretch and bend, leading to what we will call

"flexible dumbbells". This cluster is constituted of 4 springs in 2D (Figure IV.3.7) and of

16 springs in 3D. We will successively consider the case of symmetric, then asymmetric,

flexible dumbbells. Some theoretical rationale will be provided to explain the dynamics

of both cases, which are then further explored numerically. The impact of the shape

of the small body (spherical versus ellipsoidal) on the dumbbell dynamics as well as on

the surface traction forces experienced by both bodies will also be investigated. The

stretching ability of the dumbbell is defined by its stretching stiffness ks. The bending

ability of the dumbbell is defined by the radius εi (i ∈ {A, a}) of the cluster of springs
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rA

ra

εa

Figure IV.3.7: Flexible dumbbell system; in two dimensions bodies are connected by a
cluster of four springs (dark blue) which ends are defined by contact points xi located on
surface tangents (red); the resting length of the two horizontal springs within the spring
cluster is d; the spring cluster radius εi is defined by body and controls the bending
ability on each side of the system. Other quantities described on this figure include the
centroids xA, xa, the radii A, a, and the vectors r̂A, r̂a, r̂⊥A, r̂⊥a .

(Fig. IV.3.7). The start and end of each spring is defined by a contact point xi (i ∈ J1; 4K

in 2D, i ∈ J1; 8K in 3D) located on the surface tangent of each body, and the direction

of each spring is indicated by a vector Rij connecting the start of the spring xi to

the end of the spring xj (for (i, j) ∈ N2,Rij = xj − xi). All these quantities will be

used consistently throughout this section. Four angles have been defined in order to

characterise the behavior of the system: θA, β, θa, and αα. (Fig. IV.3.8). θA and θa

describe the position of the contact points on the surface of the bodies comparatively to

the horizontal, and β is the angle formed between the cluster of springs defined by R

and the reference RBM case. The angle αα = θA − θa characterises potential offsetting

of the small body relatively to the big one in case of asymmetry. In the specific case of

the system initially being horizontal (resting position), θA describes the rotation of the

system as if it were rigid (such as previously described in IV.3.1, Fig. IV.3.1), and θa

describes slight displacements (wobbling) of the small body allowed by the stretching of

the cluster of springs.
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Figure IV.3.8: Monitoring the behavior of a flexible dumbbell in a shear flow through the
evolution of four angles: β(t) (difference between the direction of the cluster of springs
represented by the vector R and the reference position of the rod in the RBM case; the
vector Ra.δ represents the distance between the reference RBM position and the position
allowed by a flexible system), θA and θa (positions of the contact points on each body’s
surface comparatively to the horizontal), and αα (offset angle such as αα = θA − θa).
The spring cluster is represented here by a single red line for clarity purposes. Other
quantities described on this figure include the centroids xA, xa, the radii A, a, and the
vectors r̂A, r̂A, r̂a.

IV.3.2.1 Symmetric case

IV.3.2.1.1 Influence of dumbbell flexibility on dumbbell dynamics: multiple

timescales

In this section we solve for the dynamics of flexible dumbbells in 2D (3D dynamics can

be extrapolated from this case). Considering a flexible dumbbell such as presented in

Fig. IV.3.7, the coordinates of all four contact points for the 2D case are:

x1 = xA +A(r̂A − εr̂⊥A), (IV.3.42)

x2 = xA +A(r̂A + εr̂⊥A), (IV.3.43)

x3 = xa + a(r̂a − εr̂⊥a ), (IV.3.44)

x4 = xA + a(r̂a + εr̂⊥a ). (IV.3.45)

225



Chapter IV.3. Modeling bacterial adhesion in a shear flow: dynamics and damages

With r̂A = (cos θA, sin θA), r̂⊥A = (− sin θA, cos θA), r̂a = (− cos θa,− sin θa), and r̂⊥a =

(− sin θa, cos θa). For the symmetric case, we have equal bending ability on both sides of

the cluster of springs (εA = εa = ε), and the offset angle αα is equal to 0 (θA = θa = θ).

In 2D, the preferred length of the springs defined by R13 and R24 is equal to d, and those

of the springs defined by R14 and R23 is
√
d2 + 4ε. We will first determine the forces

exerted each spring on the system:

f = f14 + f23 + f13 + f24, (IV.3.46)

f14 = ks(|R14| −
√
d2 + 4ε)

R14

|R14|
, (IV.3.47)

f23 = ks(|R23| −
√
d2 + 4ε)

R23

|R23|
, (IV.3.48)

f13 = ks(|R13| − d)
R13

|R13|
, (IV.3.49)

f24 = ks(|R24| − d)
R24

|R24|
. (IV.3.50)

Then defining the torque expressions by body:

τA = (x1 − xA)× (f13 + f14) + (x2 − xA)× (f23 + f24), (IV.3.51)

τa = (x3 − xa)× (−f13 − f23) + (x4 − xa)× (−f14 − f24). (IV.3.52)

We will be solving for the semi-flexible case, i.e. only small displacements (bending and

stretching) are allowed. The displacement along the horizontal axis will be called δ1 and

the one along the vertical axis will be called δ2, δ =

δ1
δ2

 being the displacement vector.

Wobbling will show in small variations of θa = θ (for the symmetric case). When only

stretching is allowed, both torques are equal to 0 and the spring force is given by the
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following expression (at first order for δ1 → 0, δ2 → 0):

fstretching =


δ1

2ks +
2d2ks

d2 + 4ε2


δ2

8ksε
2

d2 + 4ε2
+ δ1δ2

 4d3ks

(d2 + 4ε2)2
+

32ksε
4

(d(d2 + 4ε2)2




. (IV.3.53)

When both stretching and bending are allowed, we will first study our system in a

theoretical basis (ˆ̃x, ˆ̃y), which origin is the center of the big body A. Expressions for the

forces and torques in this basis are given below:

fth = B ((1 + 2η2)δ1ˆ̃x + η2(2δ2 + (2a+ d)θ) ˆ̃y), (IV.3.54)

τAth = Bη2 ((2A+ d)δ2 − (Ad+ (2A+ d)a− 2ε2)θ) ˆ̃z, (IV.3.55)

τath = Bη2 ((2a+ d)δ2 − (d2 + 2ad+ 2a2 + 2ε2)θ) ˆ̃z. (IV.3.56)

With B =
4d2ks

d2 + 4ε2
bending constant and η =

ε

d
bending ratio. In order to get the

expressions of the forces and torques in the real basis (x̂, ŷ) such as presented in Fig.

IV.3.8, the whole system is rotated using a rotation matrix RA =

 cos θA sin θA

− sin θA cos θA


(θA = θ for the symmetric case) i.e. the relation between the two basis is

ˆ̃x

ˆ̃y

 =

R−1A ·

x̂

ŷ

 and the expressions of the displacements in the new basis are δ1 = r̂A · (xa−

(xA+(A+a+d)r̂A)), δ2 = r̂⊥A ·(xa−(xA+(A+a+d)r̂A)). Using the quantities describe

on Fig. IV.3.8, the expressions of the forces and torques in the new basis in 2D are:

f = B ((1 + 2η2)δ1r̂a + η2(2δ2 − (2a+ d)θa)r̂
⊥
A, (IV.3.57)

τA = Bη2 ((2A+ d)δ2 − (Ad+ a(2A+ d)− 2ε2)θa) ẑ, (IV.3.58)

τa = Bη2 ((2a+ d)δ2 − (d2 + 2ad+ 2a2 + 2ε2)θa) ẑ. (IV.3.59)
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Similarly in 3D, eight contact points xi define sixteen springs Ri,j with associated

forces fi,j , allowing to determine the torque expression by body. Because these expres-

sions are very complex, approximate, simpler expressions can be obtained by Taylor

expanding for small displacements. Numerical values for θ̇ and β̇ obtained from both

these simple expressions of forces and torques, and from forces and torques issued from

Taylor expansions at higher order were shown not to differ significantly in regard to

the precision aimed when comparing with numerical simulations run with full hydrody-

namics. The simplest expressions for forces and torques in 3D for flexible, symmetric

dumbbells are

f = BδR̂v −
(
Bd2η2(1 + 3η2)

2 + 8η2 + 4η4

)
(θ − β)R̂v, (IV.3.60)

τA = −Bdη
2(2A+ d)(1 + 3η2)

2 + 8η2 + 4η4
βẑ +

d(1 + 5η2 + 4η4)

2 + 8η2 + 4η4
θẑ, (IV.3.61)

τa = −Bdη
2(2a+ d)(1 + 3η2)

2 + 8η2 + 4η4
βẑ − d(1 + 5η2 + 4η4)

2 + 8η2 + 4η4
θẑ, (IV.3.62)

With R̂v = (xa + ar̂a) − (xA + Ar̂A). These expressions can be used to solve Equa-

tions (IV.3.63), (IV.3.64), (IV.3.65), and (IV.3.66) for general initial conditions, then

investigated for specific asymptotic cases (as the general solutions are, once again, very

complex).

The dynamics of the flexible system in 2D are therefore governed by the following set

of equations:

f + 6πµA(γ̇xA2 x̂−UA) = 0, (IV.3.63)

−f + 6πµa(γ̇xa2 x̂−Ua) = 0, (IV.3.64)

det(Ar̂A, f) + 8πµA3

(
− γ̇

2
− ΩAz

)
+ τAz = 0, (IV.3.65)

det(ar̂a,−f) + 8πµa3
(
− γ̇

2
− Ωaz

)
+ τaz = 0. (IV.3.66)

When solving for general initial conditions i.e. xA = (X −
(
d
2 +A

)
, Y ), xa = (X +
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(
d
2 + a

)
, Y ) for the symmetric case (A = a) for small displacements, we find the velocities

UA =


γ̇Y −

1

3πaµ
B(2a+ d)

(
cos(θa)− 2η2

)
sin2

(
θa
2

)

1

6πaµ
B(2a+ d)

(
−2η2 + cos(θa)− 1

)
sin(θa)


, (IV.3.67)

Ua =


γ̇Y +

1

3πaµ
B(2a+ d)

(
cos(θa)− 2η2

)
sin2

(
θa
2

)

−
1

6πaµ
B(2a+ d)

(
−2η2 + cos(θa)− 1

)
sin(θa)


. (IV.3.68)

and the rotation rate Ω, with Ω = θ̇ ẑ = ΩA = Ωa = θ̇A ẑ = θ̇a ẑ in the symmetric case

(αα(t) = 0∀t) is

Ω = − γ̇
2

ẑ− B(2a+ d)(4a+ d)η2

8a3πµ
sin θ ẑ (IV.3.69)

which allows monitoring the rotation of the system over time (in the case of a system being

initially horizontal). For small displacements, Equation (IV.3.69) can be Taylor-expanded

for small θ at first order, revealing a direct dependence of θ̇ on θ as limθ→0(sin θ) = θ. A

simplified solution of Equation (IV.3.69) using this approximation is

θapp(t) = − γ̇
2
K + (θ(0) +

γ̇

2
K)e−Kt, (IV.3.70)

with K =
B(2a+ d)(4a+ d)η2

8a3πµ
.

which shows that in case of small displacements, θ̇app dies off quickly because of its

scaling with 1/K ∝ 1/ks, therefore the stiffer the dumbbell, the quicker this angle freezes,

conducing both bodies of the dumbbell to "lock" at an intermediate angle. However, if

we allow for a little more displacements, with the only constraint of symmetry i.e. A = a,
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θA = θa = θ, the rotation rate becomes

Ω = − γ̇
2

ẑ +

(
B(2a+ d)η2

8a3πµ
(xa2 − xA2)

)
cos θ ẑ +

(
1

8a3πµ
(xA1 − xa1)

)
sin θ ẑ.

(IV.3.71)

which this time depends both on cos θ and sin θ and translates into dumbbell tumbling.

Equations (IV.3.69), (IV.3.71), and (IV.3.70) therefore bring to light the existence of two

timescales governing the dynamics of flexible dumbbells, the locking and the tumbling

regimes. Comparing with the RBM expression of Ω presented in Equation (IV.3.11)

which scales with sin2 θ, the dynamics of flexible dumbbells are very much slowed down

compared to the RBM case, as the fastest regime (locking) only scales with sin θ.

To keep track of both locking and tumbling regimes as the flexible system gets into the

flow, monitoring the angle β (Fig. IV.3.8) allowing to keep track of the bending of the

cluster of springs which governs tumbling motion can prove useful. In the stiff limit i.e.

not allowing stretching but only a little wobbling on both sides of the system, this angle

can be expressed such as:

β(t) = tan−1
(

ŷ · (x̂a(t)− x̂A(t))

x̂ · (x̂a(t)− x̂A(t))

)
, (IV.3.72)

The coordinates for the small body can therefore be expressed such as:

xa1 = xA1 + (d+A+ a) cosβ, (IV.3.73)

xa2 = xA2 + (d+A+ a) sinβ. (IV.3.74)

The dynamics of the flexible symmetric case are therefore governed by the evolution of

both angles β and θ as follows (recalling B =
4d2ks

d2 + 4ε
and η = ε/d):


θ̇(t) = −

γ̇

2
+K(β − θ), K =

B(2a+ d)(4a+ d)η2

8a3πµ
, (IV.3.75)

β̇(t) =
γ̇

2
(1− cos(2β)) +Q(θ − β), Q =

4Bη2

6πµa
(IV.3.76)
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As previously seen for small displacements, variations in θ scale with 1/B, translating

into a snapping behavior when B →∞, i.e. the angle between both bodies locks almost

instantly.

What we know now about flexible symmetric dumbbells dynamics from Equations

(IV.3.75) and (IV.3.76) is that

• at t = 0, (1− cos 2(β)) = 0, (θ− β) = 0→ β̇(0) = 0, therefore no tumbling occurs,

but

• at t = 0 (simultaneously), θ̇ = −
γ̇

2
, thus creating a motion of one body relatively

to the other, leading to an almost instantaneous locking of the angle between both

bodies,

• As soon as locking occurs, θ gets non-zero and therefore (θ − β) also becomes

non-zero, leading to tumbling behavior,

• As β increases, cos(2β) accelerates the dumbbell motion as it starts getting into

the flow.

However, these equations do not allow us to understand what may happen once tumbling

is engaged, as other phenomena such as relaxation or other locking regime could may

occur. Although solving for Equations (IV.3.63), (IV.3.64), (IV.3.65), and (IV.3.66) for

general initial conditions can provide us with solutions describing the full dynamics of

flexible dumbbells, these solutions are also much more complex and would still need to

be analyzed in relation to some asymptotic cases for better understanding, which we aim

to look at in future work.

IV.3.2.1.2 Numerical investigations of the dynamics

For now, aiming to achieve a more global picture of flexible symmetric dumbbell dynam-

ics but not necessarily reaching out for detailed, analytic explanations, we studied the

influenced of the flexibility level on dumbbell dynamics as well as on surface traction

forces exerted on the surface of each body using numerical simulations, run with and

without h.i.
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Influence of ks on regime dominance (locking or tumbling). In our numerical

model the dumbbell flexibility depends on two parameters, namely the stretching stiffness

ks and the cluster radii εA, εa determining the bending stiffness. Because bending and

stretching are interdependent behaviors (we previously established an expressions for the

bending constant B as a function of εA, εa, and ks for the symmetric case, see Equation

(IV.3.54), (IV.3.55), and (IV.3.56)), we chose to present only the impact of stretching

stiffness in this section. This impact was analyzed for a flexible symmetric dumbbell

(A = a = 1) which two bodies are connected by a spring cluster of preferred length d = 1

and of cluster radius ε = 0.1, placed in a shear flow of γ̇ = 1. Stretching stiffnesses ks

studied ranged from 100 to 10,000.

Both locking and tumbling regimes were observed for each tested value of ks. In

locking regime, the two bodies move relatively to one another in compression and can be

considered as two separate entities. Once the locked position is reached, the system starts

tumbling and the dumbbell can be considered as one unique entity. When the rotation

angle gets close to π/2, the system snaps, and relaxation occurs when the dumbbell aligns

slowly with the flow after snapping, leading to a stretching of the connection: the system

"unlocks", then locks again as tumbling continues. Movies 4 and 5 illustrate each regime

for a flexible dumbbell (A = a = 1, d = 1, ε = 0.1).

When no h.i. are considered, dumbbell flexibility was found to influence the rela-

tive importance of one regime over the other (Figure IV.3.9) when monitoring the pe-

riod of rotation T and the percentage of stretching of the cluster of springs. Stretch-

ing stiffnesses tested are ks ∈ {90; 95; 100; 150; 200; 500; 900; 1, 000; 10, 000}. Parameters

monitored were identical for ks = 1, 000 and ks = 10, 000, suggesting that the system

experiences RBM for ks ≥ 1, 000, therefore values obtained for ks = 10, 000 were not

represented on Fig. IV.3.9. The locking regime was considered dominant (DL) when

the bodies kept on moving relatively to one another for more than 50 % of their period

of rotation. A similar definition can be applied for dominant tumbling regime (DT).

In very flexible systems (ks ∈ [90; 200[) both regimes overlap, as tumbling occur while

bodies are still moving relatively to one another. For stiffer systems (ks ∈ [200; 1000]),
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Figure IV.3.9: Regime dominance as a function of dumbbell flexibility (ks is the dimen-
sionless stretching modulus) for a symmetric dumbbell (A = a = 1, d = 1, ε = 0.1).
Simulations presented have been run without hydrodynamic interactions. Period of ro-
tation T have been averaged using up to 3 periods (dimensionless time). Stretching is
expressed in percentages of the initial resting length d.

the locking regimes scaling proportionally with 1/ks, tumbling motion is dominant. A

flexibility transition can be observed around ks = 200 delimiting the dominant regime

(Fig. IV.3.9).

Globally, as ks increases, stretching decreases, and time delay with RBM decreases

(data not shown). However, the evolution of the duration of the period of rotation was

surprisingly found to be non-monotonous. Indeed, in the region of locking dominance,

T increases with ks (with an increasing rate going down as ks goes up, as T increases

ten times faster for ks ∈ [90, 100] compared to ks ∈ [100, 200]), whereas in the region

of tumbling dominance as ks increases T decreases. A hypothesis to explain this non-

monotony is that the apparent dumbbell aspect ratio changes depending on its flexibility

(Figure IV.3.10). Indeed, the apparent aspect ratio χ of flexible dumbbells changes over
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Figure IV.3.10: Evolution of the apparent aspect ratio χ of a flexible dumbbell in a shear
flow depending on the dominant regime (locking or tumbling) and on the rotation phase
(compression or stretching). Other quantities described on this figure include the distance
between two sphere surfaces d, the sphere radius a, and the dimensionless stretching
modulus ks. LC = locking compression, LS = locking stretching, T = tumbling.
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time in a shear flow due to periodic compression/relaxation phases. The more flexible the

dumbbell is, the more bodies can compress and relax. Therefore, the minimum apparent

aspect ratio χLC achieved by highly flexible dumbbells experiencing DL (ks < 200) is

close to 4:1, as if bodies were touching each other (dL → 0 for small ks), and smaller than

the aspect ratio χT of stiffer dumbbells experiencing DT (dL → d for large ks). As it is a

well-known fact that the higher the aspect ratio of a body, the longer the period [Jeffery,

1922], it would be coherent to observe χL < χT ≤ χ if we were only considering the

compression phase. However, the dumbbells with the highest flexibility are also the ones

that can stretch the most, leading to a maximum apparent aspect ratio χLS higher than

the initial aspect ratio χ. Therefore, depending on the balance between stretching and

compression, some dumbbells with intermediary flexibility (ks ≈ 200) may feature longer

periods than both stiffer and more flexible dumbbells (Fig. IV.3.9). Similar results were

observed with h.i. (data not shown).

Influence of regime dominance on rotation rate profiles. In this section, we will

briefly compare the influence of the dominant regime (locking or tumbling) on rotation

rate profiles as a function of the dumbbell rotation angle ζ (defined between the tangent to

the dumbbell center and the horizontal) for a flexible, symmetric dumbbell, as presented

in Figure IV.3.11. When experiencing DT, the dynamics of the dumbbells are very

similar to those of dumbbells experiencing RBM (Section IV.3.1.1, Fig. IV.3.2 and

IV.3.3), except from the fact that they feature a slight transient regime which is due

to the dying off locking timescale (Fig. IV.3.11). However, when experiencing DL, this

transient regime leads to the apparition of a second dynamic mode, due to compression

phenomena: bodies get closer to one another, minimizing the dumbbell aspect ratio (see

Fig. IV.3.10, and configurations (1) and (2) of Fig. IV.3.11) but slowing down dumbbell

motion through the process. Once the dumbbell is compressed at its maximum, snapping

occurs very quickly at ζ = π/2 as the connection between bodies stretches intensely

(configurations (3) and (4), Fig. IV.3.11), then slowly regain close to its resting length.

This compression/stretching behavior is likely to play an important role on maximum

surface traction exerted on the dumbbells, which are studied in the next section.
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Figure IV.3.11: Representative rotation rates Ω/γ̇ = f(tγ̇) over the course of a half-
period (function of the dumbbell rotation angle ζ defined between the dumbbell ori-
entation and the horizontal) for a flexible, symmetric dumbbell experiencing dominant
locking (DL, light blue) and dominant tumbling (DT, dark blue) regimes in a shear flow
γ̇ = 1. Corresponding visual outputs are presented for dumbbells in DL.
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IV.3.2.1.3 Relationship between surface traction forces and dumbbell flexi-

bility

The influence of dumbbell stretching stiffness ks on surface traction forces exerted on the

bodies of a flexible symmetric dumbbell was investigated for ks ∈ {90; 100; 300; 500; 10, 0000}.

Highest and lowest values of maximal surface traction forces (MaxSTF) achieved on the

course of a period are presented in Table IV.3.1 and representative surface traction force

profiles with and without h.i. are displayed in Figures IV.3.12 and IV.3.13 respectively

for locking dominance and for tumbling dominance, with corresponding visual model

outputs. Movies 4 and 5 illustrate the cases presented in Fig. IV.3.12 and IV.3.13.

ks Dominant regime Highest MaxSTF Lowest MaxSTF
90 Locking 400.00 3.37
100 Locking 379.82 3.39
300 Tumbling 4.24 3.47
500 Tumbling 4.21 3.48
10,000 RBM 4.17 3.48

Table IV.3.1: Influence of dumbbell flexibility on the maximal surface traction force
MaxSTF (dimensionless) exerted on the bodies with hydrodynamic interactions. RBM =
Rigid Body Motion (reference).

Traction profiles are highly influenced by the dominant regime and by h.i. (Fig.

IV.3.12 and IV.3.13, Table IV.3.1). Maxima and minima of MaxSTF are reached for

identical dumbbell rotation angle ζ (angle between the dumbbell direction and the hor-

izontal) in both DL and DT (Fig. IV.3.12 and IV.3.13), and without h.i. all MaxSTF

values range between 2 and 6 (Fig. IV.3.12a, IV.3.13a). However, when h.i. are consid-

ered, the highest values of MaxSTF achieved for DL are 102 higher than those achieved in

DT (Fig. IV.3.12a, Table IV.3.1). The highest value of MaxSTF in DL is reached when

the dumbbell is the most compressed and opposes the most resistance to the flow (Fig.

IV.3.12b, configuration (1), which matches configuration (2) of Fig. IV.3.11), whereas

passed ζ = π/2 the second maximum reached (four times lower than the first) is due

to little resistance opposed after snapping when the transition between the compression

and stretching phase occurs (Fig. IV.3.12b, configurations (3) and (4), matching config-
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Figure IV.3.12: Representative maximal surface traction force (MaxSTF) profiles (a)
and corresponding visual outputs (b) for dominant locking regime (ks = 90) in a shear
flow (γ̇ = 1) over the course of a period. The left axis of (a) matches only data with
hydrodynamic interactions. MaxSTF are tracked on each body by color changes. Open
circles represent the location of MaxSTF on a given body for a given position. Rigid body
motion (RBM) is also presented as a reference. The dumbbell rotation angle ζ is defined
between the dumbbell orientation and the horizontal.

urations (2) and (4) of Fig. IV.3.11). The lowest values of MaxSTF do not change much

with the regime nor with h.i., leading to a greater range of MaxSTF in the case of DL (in

comparison, MaxSTF in DT ranges between 3-4, similarly to what occurs in RBM).

In case of DT, the maximum values of MaxSTF are reached just before and right

after snapping, which occurs for a dumbbell rotation angle ζ = π/2, and the minimum

MaxSTF is reached at ζ = π/2. These results are similar to what was observed for chains

of ellipsoids at the limit of RBM, presented in Section IV.2.2.4. At all times (and in

particular, when reaching maxima) for DT, MaxSTF are located on the body sides the
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Figure IV.3.13: Representative maximal surface traction force (MaxSTF) profiles (a) and
corresponding visual outputs (b) for dominant tumbling regime (ks = 500) in a shear
flow (γ̇ = 1). MaxSTF are tracked on each body by color changes. Open circles represent
the location of MaxSTF on a given body for a given position. Rigid body motion (RBM)
is also presented as a reference. The dumbbell rotation angle ζ is defined between the
dumbbell orientation and the horizontal.

more exposed to the flow (Fig. IV.3.13b, Movie 5) and never locate near connection

points. On the contrary, for dumbbells in DL, MaxSTF are located around connection

points when the highest values are reached (Fig. IV.3.12b (1) and (3)) and locate on the

sides of the bodies during the stretching phase (Fig. IV.3.12b (4)). This would suggest

a higher probability of breakage of highly flexible dumbbells.

IV.3.2.2 Asymmetric case

IV.3.2.2.1 Analytical investigations around t=0

Similarly to the symmetric case (Section IV.3.2.1.1), we can solve for Equations (IV.3.63),

(IV.3.64), (IV.3.65), and (IV.3.66) for the asymmetric case (A 6= a, in our case A > a)
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introducing the offset angle αα(t) = θA − θa such as represented in Fig. IV.3.8. In

the symmetric case, αα(t) = 0∀t. However, in the asymmetric case, as θA 6= θa, αα

is not always equal to 0. Therefore, dynamics are governed by the evolution of three

angles, θA, αα, and β. Solving for general initial conditions in the stiff limit i.e. xa1 =

xA1 + (A+ d+ a) cosβ, xa2 = xA2 + (A+ d+ a) sinβ, θa = θA − αα for θ̇A, α̇α, and β̇

we find: 
θ̇A = Q1αα+Q2(β − θA)− γ̇

2
, (IV.3.77)

α̇α = Q3αα+Q4(β − θA), (IV.3.78)

β̇ = − γ̇
2

(1− cos(2β)) +Q5(β − θA) +Q6αα. (IV.3.79)

With Qi, i ∈ J1, 6K constants are functions of A, d,B, η such as defined below:



Q1 =
Bη2(2Ad+ a(4A+ d)− 2ε2)

8A3πµ
,

Q2 =
Bη2(A+ d+ a)(4A+ d)

8A3πµ
,

Q3 = −Bη
2(4a2A3 + 3aA3d− a4(4A+ d) + 2a3(−Ad+ ε2) +A3(d2 + 2ε2))

8a3A3πµ
,

Q4 =
Bη2(a−A)(A+ d+ a)(4aA(a+A) + (a2 + aA+A2)d)

8a3A3πµ
,

Q5 = −2Bη2(a+A)(A+ d+ a)

aA(A+ d+ a)πµ
,

Q6 = −Bη
2(a+A)(2a+ d)

aA(A+ d+ a)πµ
.

As for the symmetric case, different timescales emerge, as:

• at t = 0, 1 − cos(2β) = 0, β − θA = 0, and αα(0) = 0, therefore no tumbling or

offsetting occurs, but

• at t = 0 (simultaneously), θ = − γ̇
2 , thus creating a motion of one body relatively

to the other (locking timescale), and
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• as soon as locking occurs, θA and αα get non-zero and therefore tumbling and

offsetting occur,

• as β increases, the same dependence of β̇ from cos(2β) as in the symmetric case

accelerates the dumbbell motion as it starts getting into the flow.

Locking and offsetting are interdependent behaviors that occur on similar timescales.

Dependence of ˙thetaA in offsetting scales with 1/Q1 ∝ A2/B, therefore for very large big

bodies the locking phenomenon gets amplified (offsetting and locking phenomena act in

synergy), leading to what we will call a swinging behavior (see Movie 6 for A = 10, a = 1,

d = 1, ε = 0.1, and ks = 3, 000). In absence of offset angle, variations in θA also scale

with 1/Q2 ∝ Aa/B, suggesting an balance between body size difference and dumbbell

stiffness. The offsetting dynamics scale with 1/Q3 ∝ 1/(Ba), meaning that the smaller

the small body, the more the offsetting phenomenon will get amplified. The impact of

body size is tempered by the dumbbell stiffness B. Dependence of α̇α in θA scales with

1/Q4 ∝ 1/(B(a−A)), suggesting this time a balance between body size difference and the

dumbbell stiffness: the swinging behavior is amplified for highly asymmetric dumbbells

(this is coherent with absence of offsetting phenomena for symmetric dumbbells) and

tempered by low dumbbell flexibility. Offsetting and locking dynamics die off respectively

proportionally to aA/B and 1/B(a− A), all the more quickly than body size difference

is small and the dumbbell is stiff. For large big bodies and/or high dumbbell flexibility,

tumbling can also be amplified by swinging as ˙beta also features a dependence in αα

scaling with 1/Q6 ∝ A/B.

Once again, Equations (IV.3.77), (IV.3.78), and (IV.3.79) do not provide us with full

understanding of the dynamics occurring beyond tumbling, which we aim to achieve in

the future. Dynamics will be studied numerically in the next section.

IV.3.2.2.2 Influence of body size ratio on dumbbells dynamics

Asymmetric, flexible dumbbells will be compared when experiencing either dominant

locking regime (DL) or dominant tumbling (DT) for A ∈ 2, 5, 10 (the case of A = a = 1

having been previously treated in Section IV.3.2.1.2). Dynamics will be analyzed for each
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dumbbell body using (i) the periodicity of period T (dimensionless number) of the body

behavior, (ii) the first time tπ/2 at which the system rotation angle ζ = π/2 (expressed

in % of period completion), and (iii) the highest (absolute) rotation rate value Ωhigh

reached over the course of one period.

Behavior periodicity T (dimensionless)
Big sphere Small sphere

DL DT DL DT

S
p
h
er
e

ra
d
iu
s

A

2 14.80 14.40 14.80 15.20
5 11.00 13.20 9.00 10.00
10 12.60 13.00 10.20 11.80

Table IV.3.2: Impact of the dominant regime (locking or tumbling) and of the size of the
big body (radius A) on the periodicity (period T , dimensionless) of the behaviors of the
big and small bodies in flexible, asymmetric dumbbells. DL=dominant locking regime,
DT=dominant tumbling regime.

Behavior periodicity. Table IV.3.2 describes the impact of the dominant regime (DL

or DT) and of the size of the big body of radius A on the periodicity (period T , dimen-

sionless) of the behaviors of the big and small bodies in flexible, asymmetric dumbbells.

As A increases from 2 to 5, all T decreased for all bodies, whether DL or DT was

considered (Table IV.3.2), and T also decreases faster for the small body versus the big

body, leading to an increased swinging periodicity (See Movies 6 and 7 respectively for

A = 10, a = 1, and A = 5, a = 1, dominant locking behavior). This means that as A

increases up to A = 5, the rotation of the system globally accelerates. However, between

A = 5 and A = 10, T increases for the small body whether in DL or DT, as well as

for big body experiencing DL (Table IV.3.2). This non-monotony may be correlated

to a scaling transition, as for A large enough (A > 5) the small body only perceives

a portion of the big body, as if it were attached to a wall, therefore experiencing a

local field that would slow down the periodicity of its motion. Similarly, for A large

enough, the big body would not feel the presence of the small body any more, which may

have contributed to accelerating its rotation (due to the swinging phenomenon described

in previous Section IV.3.2.2.1), and its behavior gets closer to a single sphere’s. This

242



IV.3.2. Flexible dumbbells

transition between decreasing/increasing period, occurring around A = 5, reminds of

the transition in maximal MaxSTF location described for asymmetric dumbbells in RBM

(Section IV.3.1.2.2), where a threshold in A was identified between A = 5 and A = 6. It

can therefore be suggested that a specific Athres may originates both non-monotony in

body behavior periodicity and maximal traction forces location. We hope to elucidate

and clarify the role of this Athres in future work.

When comparing DL and DT, it appears that DL mostly favor shorter T (Table

IV.3.2)), which we can link to the synergistic behavior occurring in DL between the

swinging of the small body and the rotation of the big body previously described (Section

IV.3.2.2.1).

Time tπ/2 (in % of T )
Big sphere Small sphere

DL DT DL DT

S
p
h
er
e

ra
d
iu
s

A

2 25.97 27.50 25.97 25.00
5 29.63 25.56 29.55 24.75
10 25.77 25.00 24.50 19.59

Table IV.3.3: Impact of the dominant regime (locking or tumbling) and of the size of
the big body (radius A) on the first times tπ/2 (in % of T ) at which the big and small
body (a = 1) of flexible, asymmetric dumbbells reach a perpendicular to the flow (ζ = 2
dumbbell rotation angle defined between the dumbbell orientation and the horizontal).
DL=dominant locking regime, DT=dominant tumbling regime.

Reaching a perpendicular to the flow. Table IV.3.3 describes the impact of the

dominant regime (DL or DT) and of the size of the big body of radius A on the first

times tπ/2 (in % of T ) at which the big and small body of flexible, asymmetric dumbbells

reach a perpendicular to the flow. Overall, tπ/2, i.e. when a body gets perpendicular

to the flow, is achieved around 25-30% of the period (considering each body behavior

periodicity). If the system was perfectly rotating, tπ/2 would be achieved at exactly a

quarter of period, as the shear rate considered is γ̇ = 1. Slight delays occurring here

(0-5%) are due to interferences with the locking timescale.

For dumbbells experiencing DL, tπ/2 increases withA fromA = 2 toA = 5 (dumbbells

are delayed from getting into the flow), then decreases from A = 5 to A = 10. We
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notice the same non-monotonous behavior than previously observed for body behavior

periodicity (Section IV.3.2.2.2). For dumbbells experiencing DT, however, tπ/2 increases

with A from A = 2 to A = 10, translating into accelerated motion as A gets bigger,

following a logarithmic trend (as A gets large enough, the motion becomes once again

closer to a single sphere’s). In this same regime, it can also be noticed that as A increases,

the small body motion is more and more delayed compared to the big body motion, as it

gets dragged along into the flow due to almost permanent locking position (See Movies

8 and 9 respectively for A = 10, a = 1, and A = 5, a = 1, dominant tumbling regimes).

Highest rotation rate Ωhigh (dimensionless)
Big sphere Small sphere

DL DT DL DT

S
p
h
er
e

ra
d
iu
s

A

2 -0.64 -0.67 -1.50 -1.27
5 -0.53 -0.57 -1.96 -1.23
10 -0.51 -0.52 -1.76 -0.90

Table IV.3.4: Impact of the dominant regime (locking or tumbling) and of the size of the
big body (radius A) on highest absolute rotation rate Ωhigh (dimensionless) reached over
the course of one period for both the big and small body (a = 1) of flexible, asymmetric
dumbbells. DL=dominant locking regime, DT=dominant tumbling regime.

Highest absolute rotation rate. As A increases, the highest rotation rate Ωhigh of

the big body decreases, whether in DL or in DT, as the behavior gets closer to a single

sphere’s, of constant rotation rate Ωhigh = −1/2 for γ̇ = 1 (Table IV.3.4). Similarly,

Ωhigh of the small body in DT decreases as A increases, translating into a stiffer behavior

limiting swinging and making the small body experience a rotation closer the one of the

big body. Highest rotation rates of the small body always remain two or three times

higher than for the big body due to increased dragging, in addition to the background

flow. For dumbbells experiencing DL, the small body is allowed to a lot of swinging,

which eventually reduced as A gets large enough, in the limit of stiffer behavior (DL

tends to translate into DT eventually for large A). The same threshold in A around

A = 5 as previously described in sections IV.3.1.2.2 and IV.3.2.2.2 can be noticed.

Overall, it appears that DT and DL, as well as the body size ratio A : a (a =
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1 numerically) exert important influences on flexible asymmetric dumbbells dynamics.

In DT, tπ/2 and highest rotation rates Ωhigh respectively increase and decrease with

increasing A, whereas the periodicity of body behavior was found to be non-monotonous

on A ∈ [1, 10]. In DL, T and tπ/2 feature non-monotonous behaviors, as well as Ωhigh for

the small body. The existence of a threshold in Athres was suggested, that would govern

both flexible asymmetric dumbbells dynamics and maximal surface traction forces. DL,

DT, and body size ratio were also always found to have amplified effect on the small

body compared to the big body.

IV.3.2.2.3 Influence of body size ratio on surface traction forces

In this section we describe an interesting relationship that can be drawn between the

body size ratio A : a and MaxSTF in case of flexible, asymmetric dumbbells experiencing

DT, with and without h.i.. We then briefly compare MaxSTF exerted on in DL versus

DT as a function of body size ratio A : a.

Relationship between traction forces and body size ratio with and without

hydrodynamic interactions. MaxSTF was monitored for asymmetric dumbbells (a =

1, A ∈ {1; 2; 3; 4; 5; 10}; ks and r were fixed to ensure DT) for both small and big bodies,

with and without h.i. as respectively presented in Figures IV.3.14 and IV.3.15. Results

without h.i. were obtained using the simple analytical expression of the traction force

exerted by surface area on a small body attached to a big body in a shear flow that can

be recalled from Section IV.3.1.2.2, implying a linear relationship between MaxSTF and

the body size ratio A : a. Hydrodynamic interactions play an important role on MaxSTF

exerted on the small body (Fig. IV.3.14), but have little effect on the big body (Fig.

IV.3.15). When h.i. are not taken into account, MaxSTF range from 5 to 45 for the small

body whereas they only reach a maximum of 10 when h.i. are considered IV.3.14).

As the body size ratio increases, MaxSTF respectively increase and decrease on the

small and big body, which could be correlated with increased swinging behavior previ-

ously demonstrated (Section IV.3.2.2.1). However, when h.i. are considered, these trends
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Figure IV.3.14: Influence of body size ratio A:a (a = 1, A ∈ {1; 2; 3; 4; 5; 10}) and
hydrodynamic interactions (h.i.) on the maximal value reached by the maximal surface
traction force (MaxSTF) exerted on the small body of radius a of an asymmetric dumbbell
experiencing dominant tumbling regime (DT) in a shear flow (γ̇ = 1).

are logarithmic, such as

{
Small body: MaxSTF ≈ 2.46 ln(A : a) + 4.35, R2 = 0.996, (IV.3.80)

Big body: MaxSTF ≈ −0.91 ln(A : a) + 4.10, R2 = 0.953, (IV.3.81)

i.e. for sufficiently high body size ratios (A ≥ 5a) MaxSTF reaches a plateau for both

small and big bodies. This can be attributed to the fact that for A : a high enough,

the small body would only perceive the surface of the big body as a wall (experiencing

periodic swinging), and the influence of the small body on MaxSTF perceived by the big

body would become neglectable.

Combined influences of body size ratio and dominant regime. The maximal

surface traction force exerted on both bodies of a flexible, asymmetric dumbbells in

DL versus in DT has been represented for A ∈ {2, 4, 5, 10} in Table IV.3.5. If MaxSTF

globally evolve monotonously for dumbbells in DT, their evolution is much more complex

in case of DL, featuring a double non-monotonous behavior. Indeed, MaxSTF decrease on
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Figure IV.3.15: Influence of body size ratio A:a (a = 1, A ∈ {1; 2; 3; 4; 5; 10}) and
hydrodynamic interactions (h.i.) on the maximal value reached by the maximal surface
traction force (MaxSTF) exerted on the big body of radius A of an asymmetric dumbbell
experiencing dominant tumbling regime (DT) in a shear flow (γ̇ = 1).

MaxSTF (dimensionless)
Big sphere Small sphere

DL DT DL DT

S
p
h
er
e

ra
d
iu
s

A

2 10.07 3.28 10.88 6.28
4 2.79 2.85 8.27 7.79
5 11.84 2.74 18.18 8.25
10 4.12 2.93 8.88 9.99

Table IV.3.5: Impact of the dominant regime (locking or tumbling) and of the size of the
big body (radius A) on the maximal value of maximal surface traction forces MaxSTF
(dimensionless) exerted on both the big and small body (a = 1) of flexible, asymmetric
dumbbells. DL=dominant locking regime, DT=dominant tumbling regime.

both bodies from A = 2 to A = 4, increase between A = 4 and A = 5, and decrease again

sharply between A = 5 and A = 10. Range of MaxSTF in DL is also far greater than in

DT, and MaxSTF in DL always remain superior to those in DT, suggesting bottleneck

effects due to changing aspect ratios such as what occur in the symmetric case (Fig.

IV.3.10). It appears very difficult to find a simple rationale guiding the evolution of
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MaxSTF in DL.

Two hypotheses can however be made: (i) the decrease in MaxSTF from A = 2 to

A = 4 (following the same trend as from A = 1 to A = 2 may result from the scaling

out of the big body relatively to the small body, leading to increased stiffness of the

connection and therefore less proximity can be achieved between both bodies, reducing

the bottleneck effect due to compression, and (ii) the decrease in MaxSTF from A = 5

to A = 10 may be due to a "second mode" of scaling out, this time the big body being

large enough to be perceived as a wall by the small body, thus modifying locally the

field perceived by the small body, whereas the big body gets closer to a single sphere’s

behavior. No satisfying explanation of the increase in MaxSTF between A = 4 and A = 5

could be found for now. It may be the case that being close to a threshold in A such

as previously observed when monitoring the dynamics on flexible asymmetric dumbbells

(Section IV.3.2.2.2) induces very complex behaviors. More simulations would be needed

in order to understand better those dynamics.

IV.3.3 Shape variations: spherical-ellipsoidal dumbbells

In this last section, we explore some possibilities of our model allowing us to change

body shape in order to compare the dynamics and MaxSTF applied to flexible, spherical

dumbbells (SD) to those of mixed dumbbells (MD), constituted of one sphere of radius

A and one ellipsoid of half-length a and half-width b (dimensionless numbers), such as

represented in Figure IV.3.16a, with various body size ratios A : a. This part of our

study has been motivated by adhesive interactions that may occur between lactic acid

bacteria (modeled by ellipsoids) and spherical components, such as fat globules [Auty

et al., 2001,Hickey et al., 2015b,Hickey et al., 2015a,Guerin et al., 2017b, Laloy et al.,

1996,Lopez et al., 2006,Guerin et al., 2018b]. These interactions may play an important

role in bacterial location and protection during food manufacturing of dairy products,

such as cheese [Guerin et al., 2017b,Laloy et al., 1996,Jeanson et al., 2011], and may also

impact probiotic delivery as interfering with adhesion to intestinal cells [Guerin et al.,

2018b]. Most often, fat globule radius range between 0.5 and 5 µm, but in some case the
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smallest globules ( 0.05 µm) can be approximately 100-fold smaller in diameter compared

to the largest ones ( 10 µm) [Hickey et al., 2015a,Lopez, 2005,Truong et al., 2016]. Here,

we will focus our investigations on spherical components of radius A ∈ J1, 10K, which

we will compare with the case of flexible asymmetric dumbbells previously described

(Section IV.3.2.2). We will leave investigations of the impact of attachment orientation

(Fig. IV.3.16b) and multiple attachments in case of bacterial chains (Fig. IV.3.16c,

IV.3.16d) to future work.

A a
bd

(a) (b) (c) (d)

Figure IV.3.16: Exploring more complex configurations to model bacterial adhesion to
a sphere of radius A: single cell (ellipsoid of aspect ratio b:a) attachment by cell tip (a)
and cell side (b), multiple attachment of bacterial chains by cell side (c) and cell tip (d).
Cases (b), (c), and (d) are left for future investigations.

IV.3.3.1 Particular case of A=a

When the spherical body of radius A scales with the ellipsoidal body (half-length a,

A → a), dynamics have a distinct behavior than for all other A, especially if the MD

experience DL. Cases of DL and DT will be treated separately in this section. For each

case, the dynamics and MaxSTF behavior will be briefly described.

IV.3.3.1.1 Dominant locking regime

Representative profiles of rotation rates Ω/γ̇ and MaxSTF over time (dimensionless, tγ̇)

are represented in Figure IV.3.17. Body shape appeared to exert a great influence on

both MD dynamics and MaxSTF in DL when the sphere scales with the ellipsoid. In

terms of dynamics, the sphere begins rotating when the ellipsoid does not feel the flow

yet, due to differences in aspect ratios (the higher the aspect ratio, the more delayed

the body gets into the flow). Consequently, as the ellipsoid motion is delayed by about

a quarter of the sphere rotation period, very high forces start exerting on the narrow
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Figure IV.3.17: Dynamics (dimensionless rotation rate Ω/γ̇) and maximum surface trac-
tion force MaxSTF exerted on mixed dumbbells (MD) constituted of one spherical (A = 1,
dark blue) and one ellipsoidal body (a = 1, b = 0.5, light blue) experiencing dominant
locking regime (DL) in a shear flow γ̇ = 1 over time tγ̇ (dimensionless). Dynamics and
MaxSTF exerted on spherical dumbbells (A = a = 1) are represented as a reference. Cor-
responding visual outputs allow MaxSTF tracking through color changes. Open circles
represent the location of the maximal MaxSTF on a body in a given configuration.
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region between both bodies (Fig. IV.3.17, configuration (1)), which become as close as

able to bump repeatedly into each other while the ellipsoid is being forced into the flow

(Fig. IV.3.17, configuration (2), which is similar for the two other traction peaks; see

also Movie 10), leading to the series of three peaks observed both on dynamics as well

as on MaxSTF profiles. Peaks observed in the dynamics, corresponding to each bumping

event, are slightly delayed compared to MaxSTF peaks, which are the highest when the

bodies are very close to one another without touching, as the narrow region between them

experiences then a bottleneck effect increasing drastically MaxSTF. Once the ellipsoid

gets forced into the flow but remains parallel to it (Fig. IV.3.17 (2)), the motion suddenly

accelerates and the ellipsoid gets perpendicular to the flow, pushing away both bodies

from one another (Fig. IV.3.17 (3)), leading to a relaxation phase in terms of traction

forces, before both bodies regain close to horizontal. Compared to what occurs for the

reference case of SD, only one main peak can be noticed in terms of MaxSTF (actually,

two peaks occur such as presented in Fig. IV.3.12, but the second one can be neglected

in front of the first)), due to increased proximity between the bodies, but the symmetry

does not lead to abnormal disturbances of the dynamics nor of MaxSTF such as what

occurs for MD. Changes in shapes therefore lead to more complex, and possible more

detrimental behaviors in terms of forces and bumping events.

IV.3.3.1.2 Dominant tumbling regime

Dynamics. MD experiencing DT feature dynamics closer to SD, although asymmetric

when comparing sphere versus ellipsoid dynamics in MD, such as represented in Figure

IV.3.18. The sphere motion in MD is sensibly the same as in SD, with only increased

locking timescale and delay in reaching a perpendicular to the flow (Fig. IV.3.18). The

ellipsoid motion feature similar, but amplified dynamics.

Maximal surface traction forces. In DT, dynamics of MD were shown not to differ

too much from SD dynamics. Investigating if similarly, MaxSTF would not be influenced

too much by body shape, we compared the maximum values and ranges reached by

MaxSTF with h.i. on (i) single cells of ellipsoidal and spherical shape, (ii) SD, (iii) MD,
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Figure IV.3.18: Dynamics (dimensionless rotation rate Ω/γ̇ as a function of dimensionless
time tγ̇) of mixed dumbbells (MD) constituted of a sphere (A = 1, dark blue) and of
an ellipsoid (a = 1, b = 0.5, light blue) experiencing dominant tumbling regime (DT)
in a shear flow γ̇ = 1. Dynamics of spherical dumbbells (SD, reference case) are also
represented (red line).

and (iv) two ellipsoids. Results are presented in Figure IV.3.19 for spheres of radius

A = 1, ellipsoids of half-length a = 1 and half-width b = 0.5, and resting length of

connection d = 1. Stretching and bending stiffnesses were fixed to ensure DT. Maximal

values of MaxSTF on a single prolate body rotating freely in a shear flow are twice

as high than for a single sphere, which experiences constant MaxSTF (Fig. IV.3.19).

Similarly, symmetric dumbbells constituted of prolate ellipsoids experience maximum

MaxSTF about twice as high as symmetric dumbbells constituted of spheres. The range of

MaxSTF achieved over a period of rotation is also more important for ellipsoidal dumbbells

than for spherical dumbbells, as the maximal value of MaxSTF is about 60 % higher

than the minimal value for ellipsoidal dumbbells. Establishing a parallel with bacterial

chain of rod-like and bead-like bacterial cells, rod-like chains would experience higher

forces on their surface. However, MaxSTF exerted on a single bacterium attached to
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Figure IV.3.19: Maximal surface traction forces (MaxSTF, dimensionless) with hydrody-
namic interactions exerted on single body and dumbbells of various shapes (ellipsoidal
and spherical experiencing dominant tumbling regime (DT) in a shear flow (γ̇ = 1).
Minimal values (light colors) and maximal values (sum of light and dark colors) reached
over one period of rotation are represented. Dark colors represent the range of values
between which MaxSTF vary over one period for a body in a given configuration. Systems
parameters are A = 1, a = 1, b = 0.5, d = 1. Stretching and bending stiffnesses were
fixed to ensure dominant tumbling regime.

a sphere of same dimensions in mixed dumbbells are even higher than those exerted

on bacteria in an ellipsoidal dumbbell, whereas MaxSTF exerted on the spherical part

of mixed dumbbells are roughly the same than for a sphere in a spherical dumbbell.

Moreover, in DT maximum MaxSTF concentrate at the free tip of the ellipsoid (see

Movie 11). This suggests that bacterial adhesion to a sphere may have unfavorable

consequences on bacterial cells, which would experience greater forces on their surface

which could potentially induce some damages. Body shape proved therefore to impact

significantly MaxSTF, even in DT.
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IV.3.3.2 Case of flexible, asymmetric mixed dumbbells (A > a)

IV.3.3.2.1 Dynamics

The numerical dynamics of flexible, asymmetric MD are compared with those of flexible,

asymmetric SD (reference, as described in Section IV.3.2.2.2), in DL and DT regimes

for A ∈ 2, 5, 10 based on the same three indicators defined in Section IV.3.2.2.2, i.e. the

behavior periodicity T , the time tπ/2, and the highest absolute rotation rate Ωhigh.

Behavior periodicity T (dimensionless)
Locking dominance Tumbling dominance

Big sphere
(MD) Reference Big sphere

(MD) Reference

S
p
h
er
e

ra
d
iu
s

A

2 14.20 14.80 15.00 14.40
5 12.00 11.00 13.60 13.20
10 13.20 12.60 13.00 13.00

Table IV.3.6: Impact of the dominant regime (locking or tumbling) and of the size of
the big body (radius A) on behavior periodicity T (dimensionless) of the big body in
asymmetric, mixed dumbbells (MD) and spherical dumbbells (SD, reference).

Behavior periodicity T (dimensionless)
Locking dominance Tumbling dominance

Ellipsoid Reference Ellipsoid Reference

S
p
h
er
e

ra
d
iu
s

A

2 12.60 14.80 13.80 15.20
5 8.80 9.00 11.20 10.00
10 10.80 10.20 12.20 11.80

Table IV.3.7: Impact of the dominant regime (locking or tumbling) and of the size of
the big body (radius A) on the behavior periodicity T (dimensionless) of the ellipsoid
in asymmetric, mixed dumbbells (MD) and the small sphere of asymmetric, spherical
dumbbells (SD, reference).

Behavior periodicity T. As A increases from 2 to 5, T decreased for all bodies and

faster for the small body (whether ellipsoidal or spherical) (Table IV.3.7) than for the big

body (Table IV.3.6), and between A = 5 and A = 10, all T increase for all small bodies,

whether experiencing DL or DT (Table IV.3.7), as well as for big bodies experiencing

DL (Table IV.3.6).
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When comparing DL and DT, it appears that DL mostly favor shorter T for MD

as well as for SD (Tables IV.3.6), IV.3.7), which we can link to the synergistic behavior

occurring in DL between the swinging of the small body and the rotation of the big body

previously described (Section IV.3.2.2.1.

T was lower for ellipsoids compared to small spheres for A = 2 and A = 5, but higher

for A = 10 (Table IV.3.7), whether DL or DT were considered. On the contrary, when

comparing big bodies in mixed dumbbells (MD) and spherical dumbbells (SD, reference),

in DL T was higher for big bodies in MD compared to big bodies in SD for A = 2 and

A = 5, and lower for A = 10 (Table IV.3.6). This suggests that the ellipsoidal shape

has an amplified impact on T of both MD bodies compared to SD bodies. In DT, big

spheres in MD always feature longer T compared to big spheres in SD, suggesting that

the body shape impact may be greater on big bodies in DT compared to DL.

Overall, trends between MD and SD appear similar (Tables IV.3.6 and IV.3.7) but

amplified for MD.

Time tπ/2 (in % of T )
Locking dominance Tumbling dominance

Big sphere
(MD) Reference Big sphere

(MD) Reference

S
p
h
er
e

ra
d
iu
s

A

2 27.24 25.97 26.42 27.50
5 27.61 29.63 24.63 25.56
10 25.00 25.77 24.81 25.00

Table IV.3.8: Impact of the dominant regime (locking or tumbling) and of the size of
the big body (radius A) on the first times tπ/2 (in % of T ) at which the big body of
asymmetric, mixed dumbbells (MD) and spherical dumbbells (SD, reference) reaches a
perpendicular to the flow (ζ = π/2).

Reaching a perpendicular to the flow. Once again, globally tπ/2 is reached about

a quarter of period considering each body behavior periodicity T , with slight delays and

advances due to timescales interferences (Tables IV.3.8 and IV.3.9). Delays and advances

in reaching a perpendicular to the flow are amplified for MD compared to SD. The same

non-monotonous behavior is observed both for MD and SD.
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Time tπ/2 (in % of T )
Locking dominance Tumbling dominance

Ellipsoid Reference Ellipsoid Reference

S
p
h
er
e

ra
d
iu
s

A

2 31.02 25.97 25.00 25.00
5 28.00 29.55 21.72 24.75
10 22.16 24.50 18.56 19.59

Table IV.3.9: Impact of the dominant regime (locking or tumbling) and of the size of the
big body (radius A) on the first times tπ/2 (in % of T ) at which the small body (ellipsoid)
of asymmetric, mixed dumbbells (MD) and spherical dumbbells (SD, reference) reaches
a perpendicular to the flow (ζ = π/2).

Highest rotation rate Ωhigh (dimensionless)
Locking dominance Tumbling dominance

Big sphere Reference Big sphere Reference

S
p
h
er
e

ra
d
iu
s

A

2 -0.57 -0.64 -0.69 -0.67
5 -0.53 -0.53 -0.55 -0.57
10 -0.51 -0.51 -0.51 -0.52

Table IV.3.10: Impact of the dominant regime (locking or tumbling) and of the size of
the big body (radius A) on highest absolute rotation rate Ωhigh (dimensionless) reached
over the course of one period for the big body of mixed dumbbells (MD) versus spherical
dumbbells (SD, reference).

Highest rotation rate Ωhigh (dimensionless)
Locking dominance Tumbling dominance

Ellipsoid Reference Ellipsoid Reference

S
p
h
er
e

ra
d
iu
s

A

2 -1.66 -1.50 -1.31 -1.27
5 -1.91 -1.96 -1.01 -1.23
10 -1.43 -1.76 -0.75 -0.90

Table IV.3.11: Impact of the dominant regime (locking or tumbling) and of the size of
the big body (radius A) on highest absolute rotation rate Ωhigh (dimensionless) reached
over the course of one period for the ellipsoid of mixed dumbbells (MD) versus the small
sphere of spherical dumbbells (SD, reference).

Highest absolute rotation rate. As A increases, the behavior of the big sphere

becomes closer to a single sphere’s in both MD and SD, but much faster in MD (Table

IV.3.10), both in DL and in DT. This suggests that the cost to free rotation of the big

body created by attaching a small ellipsoid to it is inferior to the one created by a small
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sphere. Similarly, Ωhigh of the ellipsoid decreases faster when A increases compared to the

small sphere’s, although initial values were higher for ellipsoids compared small spheres

at same A (Table IV.3.11). Shaping the small body as an ellipsoid would therefore less

impact the spherical component’s dynamics, whereas variations in the ellipsoid dynamics

would be amplified compared to small sphere dynamics.

IV.3.3.2.2 Maximal surface traction forces

Knowing that it can be unfavorable for a bacterium cell to attach to a sphere in a shear

flow in terms of MaxSTF such as presented for A = a = 1 (Section IV.3.3.1.2), we want

to know how unfavorable this adhesion could be depending on the sphere size, motivated

by the biological rationale that fat globules usually range from 1 to 10 µm whereas the

average length of a bacterium cell is about 1-2 µm [Tripathi et al., 2012,Lopez, 2005].

We investigated the evolution of MaxSTF with h.i. on both the ellipsoidal body and

the spherical body as a function of the sphere size for A radius of the sphere ranging in

{2; 5; 10}. Both DL and DT were investigated using a shear flow of rate γ̇ = 1. Cases

of SD experiencing DL and DT are also presented as references. Results are presented

respectively in Table IV.3.12 and in Table IV.3.13 for the big and the small body for

A ∈ {2, 5, 10}.

MaxSTF (dimensionless)
Locking dominance Tumbling dominance

Big sphere Reference Big sphere Reference

S
p
h
er
e

ra
d
iu
s

A

2 5.97 10.07 3.14 3.28
5 2.63 11.84 2.68 2.74
10 3.01 4.12 2.71 2.93

Table IV.3.12: Impact of the dominant regime (locking or tumbling) and of the size of
the big body (radius A) on MaxSTF (dimensionless) reached over the course of one period
for the big body of mixed dumbbells (MD) versus spherical dumbbells (SD, reference).

When A increases in both DL and DT, MaxSTF increase on the ellipsoidal body, and

decrease on the big spherical body (except for the case of A = 10 in DL, which may

be actually be at the limit between DL and DT, due to difficulties to reproduce DL

for high body size ratios). Trends in MaxSTF on mixed dumbbells with either DT or
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MaxSTF (dimensionless)
Locking dominance Tumbling dominance

Ellipsoid Reference Ellipsoid Reference

S
p
h
er
e

ra
d
iu
s

A

2 10.91 10.88 12.96 6.28
5 18.77 18.18 17.49 8.25
10 21.69 8.88 24.53 9.99

Table IV.3.13: Impact of the dominant regime (locking or tumbling) and of the size of
the big body (radius A) on MaxSTF (dimensionless) reached over the course of one period
for the ellipsoid of mixed dumbbells (MD) versus the small sphere of spherical dumbbells
(SD, reference).

DL as function of spherical size are logarithmic, as were MaxSTF trends on asymmetric

dumbbells with DT, following

DL

{
Ellipsoid: MaxSTF ≈ 6.80 ln(A : a) + 6.70, R2 = 0.968, (IV.3.82)

Sphere: MaxSTF ≈ −1.96 ln(A : a) + 6.83, R2 = 0.728, (IV.3.83)

DT

{
Ellipsoid: MaxSTF ≈ 6.52 ln(A : a) + 6.47, R2 = 0.974, (IV.3.84)

Sphere: MaxSTF ≈ −0.56 ln(A : a) + 3.78, R2 = 0.820. (IV.3.85)

For big spheres in MD, the same non-monotonous behavior of MaxSTF is observed for

both DL and DT, which can be hypothesized for the same reasons presented in Section

IV.3.2.2.3. However, if in DT MaxSTF experienced by the big body in MD versus SD are

very similar, in DL MaxSTF are always lower on the big body of MD versus SD (Table

IV.3.12). Small, ellipsoidal bodies would therefore decrease disturbances applied on the

big body compared to small spheres.

When considering ellipsoids, MaxSTF increase as A increases for both MD in DL and

DT (Table IV.3.13). At the two extremes in size, A = 2 and A = 10, we can also noticed

that MaxSTF is higher for MD in DT compared to DL, for both the ellipsoid and the

reference (small sphere). This is surprising, given the fact that is has been seen previously

for flexible, symmetric SD that DL favored high MaxSTF compared to DT (Fig. IV.3.12

and IV.3.13) due to a bottleneck effect occurring between the two bodies (Fig. IV.3.12b,

configuration (1)). This suggests that shape may have a prevalent impact on MaxSTF
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that interferes with the impact of the dominant regime. The case of A = 5 may be more

complex as near the threshold in A previously described.

It also appears that MaxSTF exerted on the ellipsoid are always higher than those

exerted on the reference, whether in DL or in DT. Whereas it has been seen that MaxSTF

are lower for the big body of MD compared to SD, it could be argued that the ellipsoid

took upon it MaxSTF that are more equally distributed between the small and the big

body of SD (Tables IV.3.12 and IV.3.13). This phenomenon amplifies as A increases.

It therefore appears that shaping the small body as an ellipsoid increases forces on it

compared to a sphere, and reduces forces applied to the big body compared to SD. This

situation would thus be favorable to the big body, and unfavorable to the ellipsoid, by

extension to the bacterial cell.

Overall, shaping the small body of a dumbbell as an ellipsoid was found to impact

both dynamics and MaxSTF. The ellipsoidal shape contributed to delay the rotation

motion, especially for dumbbells experiencing DL and more importantly for small A. It

also slow down behavior periodicity, especially for dumbbells in DT. Lastly, it contributes

to decrease traction forces exerted on the big body (amplified phenomenon as A becomes

large) but feels increased traction forces on it compared to a small sphere. Considering

the situation from a bacterial cell perspective, adhering to a spherical component in a

shear flow proved to be an unfavorable situation compared to being free in the flow or

in a 2-cell chain. This situation would be all the more unfavorable than the sphere to

which the cell has adhered is large.

In future work, we intend to compare MaxSTF exerted on bacterial chains free in

suspension, such as presented in Section IV.2.2, with MaxSTF exerted on chains adhering

to a sphere, as presented in Fig. IV.3.16c,d. We will also study the influence of the way

bacteria adhere to spheres (Fig. IV.3.16b,c,d). Results are expected on whether adhering

to a sphere may be beneficial depending on chain length, position in the chain, adhesion

type (orientation), and adhesion strength.
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IV.3.4 Dynamics and damages: spherical versus mixed dumb-

bells

Comparison of dynamics and surface traction forces exerted on spherical dumbbells ex-

periencing RBM (a) or locking-tumbling regime (b) versus mixed flexible dumbbells (c) is

presented in Figure IV.3.20. Spherical dumbbells experiencing RBM rotate at a rate θ̇A

d
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Dynamics:

Traction forces:
•A < Athres: max. at θA= π/4, min. at θA= π/2
•A > Athres: max. at θA= π/2, min. at θA= π/4
•F(θA= π/2) ∝ log(A) for A > Athres

Dynamics:

Traction forces: •Small body: F ∝ K1ln(A) + K2
•Big body: F ∝ -1/K3ln(A) + K4

θA(t) = γf1(a,A,d) + γf2(a,A,d) sin2θA

θA(t) = f3(a,A,d)αα + f4(a,A,d)(β-θA) - γ/2 

αα(t) = f5(a,A,d)αα + f6(a,A,d)(β-θA)

β(t) = -γ/2(1-cos(2β)) + f7(a,A,d)(β-θA) + f8(a,A,d)αα

Ki > 1
i ∈ 〚1,4〛

(dominant 
tumbling)

Traction 
forces:

Dynamics:

•Increased (ellipsoid): F ∝ K5ln(A) + K6,   K5>2K1
•Decreased (big body): F ∝ -1/K7ln(A) + K8

•Slowed down behavior periodicity (ellipsoid),
especially for large A
•Delayed rotation (big body), especially for small A

(versus two
spheres)

K7 ∈ 〚K3/2, K3〛

(small body)

Figure IV.3.20: Main equations governing the dynamics and traction forces exerted on the
surface of dumbbells experiencing rigid body motion (a) and flexible regimes (locking-
tumbling, (b)), and main differences with mixed dumbbells constituted of a spherical
body of varying size and an ellipsoid (c).

scaling with sin2 θA (Fig. IV.3.20a), whereas dynamics of flexible dumbbells are governed

by a two-frequency ("locking-tumbling" behavior, Fig. IV.3.20b). The locking behavior

initiates dumbbell motion at t = 0 (θ̇A(0) = −γ̇/2, and the system starts tumbling (β̇)

as soon as θ̇A 6= 0. In case of asymmetric flexible dumbbells, offsetting (α̇α may occur
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that emphasize locking behavior. Traction forces exerted on a dumbbell experiencing

RBM are non-monotonous functions depending on A (Fig. IV.3.20a) reaching extrema

at θA ∈ {π/2;π/4}, and for large A they become proportional to logA. Traction forces

experienced on dumbbells experiencing flexible regimes are higher for the small body

and lower for the big body, proportionnally to lnA (Fig. IV.3.20b). Flexible dumbbells

composed of a spherical body of varying size A and an ellipsoid ((Fig. IV.3.20c) present

a slower periodicity of ellipsoid dynamics for large A, and a delayed rotation motion for

small A. Traction forces respectively increases and decreases on the ellipsoid and the big

body proportionally to lnA, at higher rates than for spherical, flexible dumbbells ((Fig.

IV.3.20b, c). In case of bacterial adhesion to spheres of various sizes, it appears that

adhesion is unfavorable in terms of traction forces exerted on the bacterial cell, all the

more than the sphere is big. Bacteria integrated in an adhesive matrix would therefore

be more likely to suffer from surface damages i.e. functionality losses.
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V.1

Thesis highlights

Precedent Ph.D. research projects completed in the Biomolecules Engineering Laboratory

(LIBio) focused on optimizing probiotic bacteria encapsulation [Burgain, 2013,Guerin,

2017] and showed that adhesive interactions between the model strain Lactobacillus rham-

nosus GG and dairy proteins play a key role in the encapsulation process [Guerin, 2017].

Recently, bacterial adhesion to food components has also been apprehended to help

with protecting probiotics in functional foods [Hickey et al., 2015b,Mortazavian et al.,

2012,Ranadheera et al., 2010,Sanders and Marco, 2010], but also to compete with bac-

terial adhesion to the host during intestinal delivery [Guerin et al., 2018b,Sun and Wu,

2017]. However the extent of probiotic adhesion to food components and possible out-

comes of these adhesive interactions remained to be explored.

This project represents a first step in that direction, aiming to go beyond species

characteristics to study the extent and main characteristics of bacterial adhesion to food

components at the lactic acid bacteria group level. In particular, the specificity of ad-

hesive interactions involved, as well as the sensitivity of bacterial adhesive abilities to

stress have been investigated.

This thesis answered the three questions set out at the beginning of this dissertation

(Chapter II):

1. What are the characteristics and strength of bacterial adhesion to dairy components
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amongst the lactic acid bacteria group and, in particular, to β-lactoglobulin?

2. How does shear stress impact bacterial integrity (shape and functionality) for the

model strain Lactobacillus rhamnosus GG?

3. What is the influence of bacterium-particle adhesive interactions on the dynamics

and forces exerted on the bacterial cell?

Figures V.1.1 and V.1.2 on the next two pages present the highlights of this thesis

project.

V.1.1 Identification and characterisation of LAB-food ad-

hesive interactions

A high-throughput screening method has been developed that allowed identifying and

evaluating quickly bacterial affinity to a range of components of interest for a wide number

of strains. This method features three main steps (Fig. V.1.1) which are (i) immobilizing

the component of interest on the surface of 96-well adherent microplates, (ii) incubating

the bacterial strains into the same wells to allow bacterial adhesion to occur, followed

by removal or non-adherent bacteria, and (iii) measuring bacterial growth, which has

been found to be directly correlated to the number of bacteria able to adhere to the

tested molecule. This method presents the advantage to simultaneously assess bacterial

functionality and bacterial viability, as only functional, viable bacteria are able to grow in

the microplates. It was validated on the model strain Lactobacillus rhamnosus GG (LGG)

and three mutant strains, impaired in synthesis of some surface components involved in

adhesion.

This method was then applied to a collection of 73 LAB strains screened for their

adhesive affinities towards the major dairy protein β-lactoglobulin, in order to reveal

shared adhesion characteristics. Less than 6 % of the strain collection were found to

feature affinity towards β-lactoglobulin and, despite research efforts concentrated on

genomics analysis, no underlying rationale relative to the presence of LPxTG-surface

proteins, and in particular to pili gene clusters, or strain origins could be evidenced.
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V.1.1. Identification and characterisation of LAB-food adhesive interactions

Screening 73 LAB strains for their affinity towards β-lactoglobulin 
Studying two strains at the extremes of the adhesion spectrum:
•  Lactobacillus aquaticus DSM 21051 (highest affinity)
•  Lactobacillus sharpeae DSM 20505 (lowest affinity)

Lactobacillus aquaticus
DSM 21051

Lactobacillus sharpeae
DSM 20505

0.4 nN

1 µm

82.6 %

0.4 nN

0.5 µm

96.6 %

MRS medium

WPI solution

MRS medium

WPI solution

1

Figure V.1.1: Thesis project highlights: Bacterial Adhesion to Food Components: (ob-
jective 1).

267

Successive 
Wash-outs 

1 

Wash-outs + 

Culture medium 

L 

101-'M lOj.tM 

~ '11· 
"' ' 

4 = 
•' 

l01Jm 



Chapter V.1. Thesis highlights

3
SHEARINGCHAIN BREAKAGE

FUNCTIONALITY LOSSES

INITIAL STATE

DAMAGED CELL

PROTECTED CELL

SHEAR FLOW

Sensitive 
Rupture 
Point

Local environment

IN

TERMEDIARY STATE

FINAL STATE

10 µm

LOW SHEARING

SHEAR FLOW

HIGH SHEARING

High surface 
traction 
forces

Low surface 
traction 
forces

Local

environment

High 
stress

Low
stress

Smaller surface 
traction forces

A

a
b

•Increased (ellipsoid): F ∝ K5ln(A) + K6,   K5>2K1

•Decreased (big body): F ∝ -1/K7ln(A) + K8

•Slowed down behavior periodicity (ellipsoid),
especially for large A
•Delayed rotation (big body), especially for small A

K7 ∈ 〚K3/2, K3〛

pilus
other surface 

protein

small 
EPS long 

EPS
0

15

Adhesive abilities
losses (%)

0
-20

-5

20

55

10
25

Initial state Intermediary state Final state

Food component
(fat globule)

Bacterial
cell

(b)

(a)

(c)

2

Figure V.1.2: Thesis project highlights: Impact of Shearing on Bacteria (objectives 2 &
3).
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V.1.2. Impact of shearing on bacterial adhesive abilities and shape (bacterial suspension)

LAB adhesion behavior to dairy proteins could therefore not be accurately predicted

from the bacterial surface information we disposed of.

Two strains at the extremes of the adhesive spectrum, Lactobacillus aquaticus DMS

21051 (highest affinity) and Lactobacillus sharpeae DMS 20505 (lowest affinity) were

studied in further depth using atomic force microscopy (AFM) and confocal laser scan-

ning microscopy (CLSM), as presented in Fig. V.1.1. Lactobacillus aquaticus DSM

21051 featured high adhesion specificity as deciphered by AFM, and presented similar,

gathered spatial distribution (in flocs) in whey matrices composed of dissolved Whey

Protein Isolated (WPI) powder as the control adhesive strain LGG WT. On the con-

trary, Lactobacillus sharpeae DSM 20505 was found to homogeneously disperse within

the same matrices, similarly to the non-adhesive control strain, LGG spaCBA. These

findings showed that LAB adhesion to β-lactoglobulin is highly specific and plays an

important role on bacterial distribution in food matrices.

V.1.2 Impact of shearing on bacterial adhesive abilities and

shape (bacterial suspension)

Because adhesive interactions involve bacterial surface components which may be sensi-

tive to stresses applied during food and ferment manufacturing processes, the impact of

shearing on bacterial functionality, viability, and shape, was studied using a combined

experimental and modeling approach for bacteria alone in suspensions (Figure V.1.2a,b).

Modeling was then pushed further to get a sense of how bacterial adhesion to food spher-

ical components could impact shear-induced damages to bacterial cell surfaces (Figure

V.1.2c).

A positive relationship between bacterial chain breakage and bacterial adhesive abili-

ties preservation was revealed (Fig. V.1.2a). Indeed, the highest functionality losses were

observed concomitantly with bacterial chain breakage, and modeling demonstrated that

the smaller the chain, the less damaged it is likely to get, using a demonstrated corre-

lation between surface adhesive protein (SAP) removal and traction forces exerted on a

surface of a bacterial cell. As chains break, the forces applied on the remaining cells thus
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get lower, preventing more damage to occur. Our model also evidenced regioselective

damages, i.e., that cells on the outside of a chain are more likely to be damaged than

cells close to the center of the chain, due to local effects.

Shearing experiments demonstrated that 2-cell chains were likely the most favorable

configuration for LGG cells in a shear flow, and that shearing may cause functionality

losses up to 20 % for LGG wild type (WT) (Fig. V.1.2b). Functionality losses were found

to be higher (∼ 55 %) for the strain depleted of exopolysaccharides (EPS), suggesting

a protective role of EPS towards surface molecules mediating adhesion. A contrario,

LGG spaCBA (pili-depleted) featured increased adhesive abilities after shearing (+20 %

of functionality gain), which may be due to partial removal of the EPS layer that would

reveal underlying adhesive proteins.

V.1.3 Impact of shearing on bacterial adhesive abilities

(bacteria-particle)

Further exploration with our model allow developing analytical predictions of the dy-

namics and traction forces exerted on the body surfaces of dumbbells, which stand for

models of bacterial adhesion to spherical components in food matrices (Fig. V.1.2c).

Dynamics of rigid body motion were first fully solved for, and results are compared

with full, boundary integral simulations (including hydrodynamic interactions). Flexible

dumbbells are then investigated, modeling the connection between bodies by a cluster of

springs able to stretch and bend. Flexible dynamics are evidenced analytically to involve

multiple timescales, leading to different behaviors depending on the dominant regime.

Subsequent traction forces are analyzed numerically as functions of dumbbell flexibility

and body size ratio and are found to feature non-monotonous, complex behaviors. Fi-

nally, the impact on body shape (ellipsoidal versus spherical) on dynamics and traction

forces is studied, with an emphasis on the ellipsoidal, small body (in asymmetric, flexible

"mixed" dumbbells), which may in our case stand for a bacterial cell. Adhesion to a

sphere was found to be an unfavorable situation for bacterial cells in terms of potential

damages inflicted to bacterial surfaces, all the more than the a sphere is large. Lactic acid
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bacteria integrated in a food matrix containing large fat globules may therefore suffer

more from shear stress during food structuration than in a food matrix containing small

fat globules, thus decreasing the probiotic potential of the first matrix compared to the

second.
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V.2

Perspectives

The outcomes of this project pave the road to future research on more efficiently designed

functional food matrices, and optimization of industrial processes to help preserving both

probiotic bacterial viability and functionality.

Some interesting short-term (∼ 6 months to 1-2 years) and long-term (at least 2 to 3

years) perspectives to this work are detailed in the next sections.

V.2.1 Short-term perspectives

V.2.1.1 Bacterial adhesion to food components

• Pushing further bacterial surface analysis:

Our analysis of the pili-gene clusters and LPxTG-predicted proteins from the adhe-

sive strains of our collection did not allow us to propose criteria to predict bacterial

adhesion to β-lactoglobulin although good adhesive candidates were proposed as

presented in Table IV.1.2. One way to refine our analysis would be to inactivate

the genes corresponding to the most promising predicted-protein candidates and

perform adhesion assays. This could be done first on the strain the most adhesive

to β-lactoglobulin, Lactobacillus aquaticus DSM 21051, on which only five pre-

dicted LPxTG-proteins were identified [Sun et al., 2015]. Other bacterial surface

components, such as components of the S-layer like proteins with low-energy bind-
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ing featuring GW module (containing dipeptide Gly-Trp), as well as other protein

secretion systems such as the TAT (twinarginine translocation) system, have also

been identified to mediate adhesive behaviors, notably towards host tissues [Åvall

Jääskeläinen and Palva, 2005,Chagnot et al., 2013,Desvaux et al., 2018,Desvaux

et al., 2006, Hynönen and Palva, 2013]. The surface of the adhesive strains of

our collection could thus be investigated further to see if other components than

those examined could be predicted to be involved in adhesion to β-lactoglobulin.

Complementary approaches to genomics, such as proteomics and transcriptomics,

could also help identifying potential candidates that would mediate adhesion to

β-lactoglobulin.

• Researching a correlation between bacterial origin and bacterial adhesion:

The strains from our collection were isolated from very diverse environments, such

as foods, faeces, blood, sewage water, plants, various animals and organs, etc.

therefore it was difficult for us to study a relationship between the strain origin

and its adhesive properties towards dairy components. However, a previous study

has shown that strains isolated from a dairy environment presented stronger bind-

ing to milk proteins versus strains isolated from plants [Tarazanova et al., 2017].

This study focused on strains from the same species, Lactococcus lactis. In our

case, it would be interesting to include more strains isolated from dairy sources to

our collection, to test whether they would present higher adhesive affinities towards

β-lactoglobulin than strains isolated from other environments, which could suggest

a selective advantage.

• Testing other dairy components:

Our results suggested that adhesion to β-lactoglobulin would not be a common

characteristic of the LAB group. The affinity of our strain collection to other

food components could also be evaluated in future work, in order to dispose of

more comparison points to our study and to get a better understanding of the

extent of adhesion to β-lactoglobulin in contrast to adhesion to other food com-
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ponents. Other dairy components, such as milk fat globule membrane (MFGM)

and α-lactalbumin, to which LGG has previously been shown to adhere [Gomand

et al., 2018, Guerin et al., 2018a, Guerin et al., 2016], could be a good starting

point. Similarly, it would be interesting to see if adhesive interactions to other

dairy components would induce similar bacterial distribution in foods containing

these components. The impact on bacterial distribution of more complex matrices

including several components to which bacteria are likely to adhere could then also

be investigated.

V.2.1.2 Impact of shearing on bacteria

• Experimental investigation at the bacterial chain level:

Shearing was found to impact significantly bacterial adhesive abilities to β-lactoglo-

bulin for bacteria alone in suspensions. This may have consequences on the design

of some industrial processes in the food and ferment industry that feature steps

generating shear stress, such as spray-drying. Modeling provided insight on the im-

pact of shearing at the bacterial cell level, however no experiments were performed

at this scale.

Microfluidics with modeled bacterial chains could be a promising approach to do

so, as an intermediary between pure biology and pure modeling. Models of bacte-

rial chains could be printed in 3D in various semi-flexible materials, and breakage

phenomena could be observed. Force sensors could be included that would al-

low monitoring the forces exerted on the different parts of the chain in a shear

flow generated in microchannels. These experiments would be compared with our

simulation results and help defining the application boundaries of our model. Mi-

crofluidics tools have previously been used to investigate chain breakage phenomena

under high shear [Nghe et al., 2010] and dynamics of fiber-like suspensions [Berthet

et al., 2016,du Roure et al., 2019].

Other approaches could also be considered, such as exposing isolated bacterial

chains of different lengths to a shear flow and calculating the forces applied on
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their surfaces as a function of their bending angle e.g.. Experiments monitoring

the bending angle of single bacterial cells submitted to flow have already been

performed in previous studies [Amir et al., 2014].

• Impact of shearing on bacteria within food matrices:

Modeling suggested that bacterial adhesion to food components may increase shear-

induced damages on bacteria, depending on the size of the food component consid-

ered. More modeling could be performed aiming to describe more complex config-

urations, such as the adhesion of bacterial chains to food spherical components and

the way bacterial cells adhere (see Fig. IV.3.16b,c,d), and even collective behavior

of complex suspensions featuring bacterial chains and spherical components. A

perspective coming out naturally of this work would be to investigate this direction

experimentally, considering various monodisperse suspensions of fat globules, to

which lactic acid bacteria are known to feature adhesive affinities [Gomand et al.,

2018,Guerin et al., 2017b,Guerin et al., 2018b,Hickey et al., 2015b,Hickey et al.,

2015a, Jeanson et al., 2011, Jeanson et al., 2015, Laloy et al., 1996, Lopez et al.,

2006]. These suspensions would be obtained by homogenization of the same initial

medium, to free from existing differences in MFGM composition that could exist

between native globules of different sizes [Lopez, 2005, Luo et al., 2017,Michalski

et al., 2002,Romeih et al., 2012]. The effect of shearing on bacterial surface within

these different media could then be observed directly through AFM deflection im-

ages, which have previously been used to show the shaving effect of high-speed

centrifugation on LGG [Tripathi et al., 2012].

• Impact of shearing on bacterial adhesion to the intestines:

Considering that shearing also occur in some biological processes, such as digestion,

it may be of use to consider the impact of shearing on bacterial adhesion to the

intestines. This impact could be evaluated using the same methodology as described

in Chapter III.2, replacing β-lactoglobulin solution by an equivalent solution of

intestinal mucin (1 % v/v). These experiments could also be compared with more
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precise investigations involving cultures of CaCo-2 cells.

• Shearing impact combined with other stresses:

In industrial and biological processes, shear stress is usually combined with other

stresses, such as heating stress and acid stress. A different, and likely higher,

effect of these processes on bacterial functionality could therefore be expected,

although in some cases, lactobacilli pili expression has been shown to be upregulated

after acid exposure therefore increasing adhesive abilities [Bang et al., 2018]. The

results obtained in our study could be compared with later experimental studies of

the effect of digestion on lacic acid bacteria functionality, using in vitro digestion

methods [Minekus et al., 2014,Thevenot, 2014], or experimental studies of the effect

of spray-drying at pilot and industrial scales.

V.2.2 Long-term perspectives

V.2.2.1 Impact of bacterial adhesion on food matrices properties

Bacterial adhesion has been studied in this thesis in terms of specificity and impact

on bacterial location in food matrices, however the impact on food matrices properties

has not been investigated, although some recent studies have evidenced that physical

properties of dairy products, such as viscosity and gel hardness, could be affected by

bacterial surface properties [Tarazanova et al., 2018a].

In particular, bacterial adhesion could play a role on dairy matrix properties during

the structuration of dairy products such as yogurts and cheeses, and especially in relation

to fat. The importance of fat globules in the coagulation process has been especially

highlighted in the past ten years [Michalski et al., 2002, Ion Titapiccolo et al., 2010,

Corredig et al., 2011,Luo et al., 2017]. Fat globules have been found to modulate casein

network formation depending on their size as well as on the composition of the milk fat

globule membrane [Michalski et al., 2002, Ion Titapiccolo et al., 2010, Luo et al., 2017].

The impact of fat globules on rennet-induced gelation is also susceptible to be affected by

the presence of bacteria. Lactic Acid Bacteria have indeed been found to gather around
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Δ Backscattering
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flocculation
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Figure V.2.1: Destabilization profile of a milk emulsion monitored using a Turbiscan
analyzer. Phases sampled for bacterial concentration i.e. bottom, middle, and top, are
represented on the tube as well as on the corresponding profile. Figure adapted from
Cvetkovska, 2018 [Cvetkovska, 2018].

.

fat globules [Oberg et al., 1993, Laloy et al., 1996, Fitzsimons et al., 2001, Lopez et al.,

2006] which may hinder the participation of fat globules to cheese network build-up.

Some work is currently being performed in our lab on the effect of bacterial surface

adhesive molecules on the stability of various milk media (raw milk, homogenized milk,

and skimmed milk) by monitoring creaming speed in tubes using a Turbiscan Lab Expert

Stability Analyzer (Formulaction, Toulouse, France). To this end, the model strains

LGG WT and spaCBA, respectively adhesive and non-adhesive to MFGM, are employed.

Bacterial concentration and spatial distribution are also monitored at the top, middle,

and bottom of the tubes using confocal microscopy, such as presented in Figure V.2.1,

and apparent diffusive coefficient of bacteria and fat globules are evaluated by image

analysis in order to interpret the dynamics of emulsion destabilization.

First results showed a decreased creaming speed in raw milk when LGG cells are

present, and a correlation between the presence of adhesive molecules on bacterial surface

and apparent bacterial diffusive coefficients. One hypothesis to explain the first fact could

be that adhesive interactions between bacteria and fat globules would contribute to lower
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creaming speed, thus impacting emulsion stability. This hypothesis will be investigated

in future work, a new thesis project starting in September 2019.

V.2.2.2 Impact of stress on bacterial evolution

The proposed relationship between bacterial functionality and shape in a shear flow in

Chapter IV.2 opens up perspectives on the role of bacterial shape in providing selective

advantages in stressful environments.

Chaining was previously suggested to provide advantages against predation in graz-

ing environments [Güde, 1979, Hahn and Höfle, 1999, Jürgens and Matz, 2002, Posch

et al., 1999, Shikano et al., 1990,Young, 2006,Young, 2007] and allows better resistance

in high-shear force environments for biofilm-forming bacteria, by increasing the num-

ber of contacts with surface elements, therefore limiting detachment events [Edwards

et al., 1989,Young, 2006,Young, 2007]. In those latter environments, bacteria have also

been observed to increase in size, featuring increased cell wall stretching [Berzins et al.,

2001, Joshi et al., 1996,Wong et al., 2017]. Other forms of bacterial organization, such

as bacterial filamentation, may also provide competitive advantages for colonization of

biopassive surfaces [Möller et al., 2013].

The selective value of bacterial shape for lactic acid bacteria could be investigated

relatively to shear stress, by recreating local shearing constraints in culture environments

and studying the dynamics of shape evolution over several bacterial generations. Con-

straint environments could be inspired from previous studies that focused on the impor-

tance of mechanical constraints on bacterial cell shape and elongation of cell wall [Amir

et al., 2014,Wong et al., 2017]. Important discoveries were made on molecular evolution

and fitness gain for Escherichia coli by monitoring the evolution dynamics over thou-

sands of generations by the Lenski group [Good et al., 2017]. Similar methodology could

be applied, correlated with microscopic observations to characterise shape evolution.

The heterogeneity of bacterial functionality in bacterial chains, created by the regios-

electivity of traction forces applied to chains in a shear flow (depending on the position

of the cell within the chain) may also play a role in bacterial evolution. A recent review
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describes the importance of microbial heterogeneity at single-cell level on population

level strategies [Martins and Locke, 2015], pointing out that heterogeneity may play a

key role in bacterial survival to unpredictable environmental changes. The cells closer

to the center of a chain, more protected in a shear flow from damaging traction forces

than the cells on the outside, would in that sense be the ones selected to survive and

potentially allow the population to thrive again in the future. This shear-induced het-

erogeneity could be studied further experimentally using single-cell techniques, such as

suggested by recent studies [Editorial, 2016,Bridier et al., 2015]. Modification of bacterial

stress sensors using reporter genes (such as fluorescent protein promoters) could allow in

situ visualization of exerted stress on bacterial cells in a chain in a shear flow [Bridier

et al., 2015], for example in microfluidic devices. Other bacterial configurations, such

as bacterial aggregates, could also be investigated in terms of created heterogeneity and

collective behaviors that may lead to selective advantages.
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VII.4

International collaborations

International bonds were formed during this project which involved the Biomolecule

Engineering Laboratory (LIBio, Université de Lorraine, Vandoeuvre-lès-Nancy, France)

and the Applied Math Lab (Department of Mathematics, University of Wisconsin-Madison,

Madison, WI, USA). I initiated this multidisciplinary collaboration in November 2016

and pursued it during the three years of this project, including 8 months that I spent

in the Applied Math Lab (Jan-Aug. 2018) thanks to a Fulbright scholarship. As new

research questions have arisen, this collaboration will likely be pursued in future years.

Other international collaborations may also ultimately result from this work, such as

later collaborations with researchers working at the Center for Computational Biology

(CCB), Flatiron Institute, Simons Foundation, NY, USA, where I spent 2 months as

a Visitor in the Biophysical Modeling team when holding my Fulbright scholar status,

or with the Courant Institute, NY, USA, some members of this Institute being already

involved in collaboration with the Biophysical Modeling team.
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Communication and science

popularization

As both a LUE and Fulbright grantee, I have participated in numerous communica-

tion events and was also interviewed several times for internal press releases (FactUeL,

ENSAIA journal Croq’Infos, Fulbright and LUE events), which main goals were to pro-

mote multidisciplinary and novative research fields, and international franco-american

collaborations and understanding.

Involved in scientific tutoring since 2012 including two years during which I trained

students who were preparing for national exams to enter French schools of higher edu-

cation (Grandes Ecoles), I value passing along knowledge to others and seeing them put

into practice. I love the contact with my students and always worked closely with them

in order to design my courses specifically to fulfill their needs. In 2018, I got involved

in a "science discovery" program for children in primary school (Accompagnement en

Sciences et Technologies à l’Ecole Primaire, ASTEP). I organized various activities and

workshops with a class of twenty-three 10-year old children around probiotic bacteria

and food manufacturing.
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VII.6

Teaching

I taught food science and engineering to MSc. students through lectures and lab work

(64h/year). My teaching duties were divided into:

• Food science lectures (14h) on milk coagulation and cheese manufacturing (first-

year master students). Key points discussed included the importance of dairy

industry within the global food industry context and main stakeholders, mecha-

nisms involved in enzymatic and acid milk coagulation, main manufacturing steps

involved in cheese manufacturing, their implications and possible alternatives,

• Food engineering lectures (12h) on automation in food industry. I entirely de-

signed this class for students in their last year of Master in Food Science. Key

points discussed included importance and advantages of automation in food sci-

ence, with a focus on integrated vision systems, logic systems and the GRAFCET

method ("GRAphe Fonctionnel de Commande Etapes/Transitions" or in English

functional diagram of commands between steps and transitions), control and regu-

lated systems (closed and open loop feedback) using Laplace transforms and PID

(proportional–integral–derivative) controllers,

• Lab work (number of hours varied depending on the year, not less than 38h) on

the physico-chemistry of milk and dairy products (to students in their last year of
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Chapter VII.6. Teaching

Bachelor to their last year of MSc.). Key manipulations included titration of dairy

minerals and dairy powder characterisation,

• Participating to the selection process of the Master MILQ ("Master Industrie

Laitière et Qualité", in English "Master for quality in the dairy industry"),

• Supervising two interns who performed quality, R&D, and supply chain duties in

food industry all along their last year of MSc. (respectively in meat and dairy

industries).
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A

Genomic information on the

collection of 73 lactic acid bacteria

strains

Bacteria name Genomic information6

Optimal
tempe-
rature
of incu-
bation

Minimal
Adhesion
Value
(MAV)Genus Species

Strain
DSM
n◦

Pili-
positive
strain7

Number
of pili
clusters

Similarities
with

LGG WT
pili8

Proteins
with

LPxTG
motif

Number
of

sortase
enzymes

Fructobacillus fructosus 20349 no 0 0 0 30 -114.15

Lactobacillus aceto-
tolerans 20749 no 0 0 1 30 -294.34

Lactobacillus acido-
philus 20079 no 0 11 1 37 -342.31

Lactobacillus algidus 15638 no 0 7 1
24 (room
tempera-
ture)

-3.54

Lactobacillus alimen-
tarius 20249 no 0 5 1 30 -248.52

Lactobacillus amylo-
vorus 16698 no 0 6 1 37 -187.77

Lactobacillus animalis 20602 yes 1 yes 7 2 37 -170.06
Lactobacillus apodemi 16634 yes 1 yes 17 2 37 -128.17
Lactobacillus aquaticus 21051 no 0 5 1 37 61.54

Lactobacillus biferm-
entans 20003 no 0 19 1 30 -210.88

6Information about pili and surface proteins has been adapted from Sun et al. (2015)
7Strains featuring pili-encoding genes
8Strains harboring at least 1 pilus gene cluster with a similar gene order as L. rhamnosus GG WT
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Appendix A. Genomic information on the collection of 73 lactic acid bacteria strains

Lactobacillus brantae 23927 yes 1 no 13 5 37 6.97
Lactobacillus brevis 20054 no 0 7 1 30 -254.13
Lactobacillus camelliae 22697 yes 1 yes 16 2 37 -29.13
Lactobacillus capillatus 19910 no 0 2 1 30 -115.67
Lactobacillus casei 20011 yes 2 yes 11 4 30 -22.52
Lactobacillus composti 18527 yes 1 yes 6 2 30 -54.47
Lactobacillus concavus 17758 yes 1 yes 4 2 37 -159.69

Lactobacillus diolivo-
rans 14421 no 0 4 2 30 -321.00

Lactobacillus farcimi-
nis 20184 no 0 5 1 30 -69.13

Lactobacillus fermen-
tum 20055 no 0 5 1 30 -11.95

Lactobacillus florum 22689 no 0 6 1 30 -213.06

Lactobacillus fuchuen-
sis 14340 no 0 11 2

22 (room
tempera-
ture)

-325.35

Lactobacillus gallina-
rum 10532 no 0 11 1 37 -10.06

Lactobacillus hammesii 16381 yes 1 no 18 3 30 -185.59

Lactobacillus harbi-
nensis 16991 yes 1 no 5 7 37 -121.67

Lactobacillus hominis 23910 no 0 16 1 37 -297.22
Lactobacillus hordei 19519 no 0 2 1 30 -37.30
Lactobacillus johnsonii 10533 no 0 8 1 37 -60.55
Lactobacillus kefiri 20587 no 0 3 1 30 -786.90

Lactobacillus kimchi-
ensis 24716 no 0 6 1

23 (room
tempera-
ture)

-162.29

Lactobacillus koreensis 27983 yes 1 no 9 3 30 -138.28
Lactobacillus lindneri 20690 no 0 6 1 30 -386.89

Lactobacillus maniho-
tivorans 13343 yes 4 yes 9 7 30 -20.84

Lactobacillus mucosae 13345 no 0 15 1 37 -16.69
Lactobacillus murinus 20452 yes 2 yes 14 4 37 12.79
Lactobacillus nagelii 13675 no 0 3 1 30 -354.36

Lactobacillus namu-
rensis 19117 no 0 15 1 30 -516.20

Lactobacillus nantensis 16982 no 0 8 1 30 -131.37
Lactobacillus nasuensis 26653 yes 3 yes 20 5 30 -129.58
Lactobacillus nodensis 19682 no 0 7 1 30 -206.13
Lactobacillus pantheris 15945 yes 2 yes 13 5 37 -63.20

Lactobacillus parabu-
chneri 15352 yes 1 no 11 3 30 -70.89

Lactobacillus

paracasei
subsp.
paraca-
sei

5622 yes 3 yes 9 4 30 -293.21

Lactobacillus

paracasei
subsp.
toler-
ans

20258 yes 1 yes 6 3 30 -38.62

Lactobacillus paralim-
entarius 13238 no 0 5 1 30 -124.26

Lactobacillus pasteurii 23907 no 0 11 1 37 -317.66

Lactobacillus paucivo-
rans 22467 yes 1 no 23 3 30 -242.57

Lactobacillus pentosus 20314 no 0 17 1 30 -99.69
Lactobacillus perolens 12744 yes 1 no 11 3 30 -45.19
Lactobacillus plantarum 13273 no 0 17 1 37 12.65
Lactobacillus pobuzihii 28122 yes 1 no 1 1 37 -616.96
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Lactobacillus psittaci 15354 no 0 14 1 37 -35.72

Lactobacillus
sakei
subsp.
sakei

20017 no 0 3 2 30 -116.07

Lactobacillus salivarius 20555 yes 1 no 10 3 37 -31.69

Lactobacillus satsu-
mensis 16230 no 0 3 1 30 -490.01

Lactobacillus selango-
rensis 13344 yes 1 no 6 4 30 -63.69

Lactobacillus senioris 24302 yes 1 no 3 3 37 -171.35

Lactobacillus senma-
zukei 21775 yes 1 no 17 3 30 -403.90

Lactobacillus sharpeae 20505 yes 5 yes 17 5 30 -858.76
Lactobacillus similis 23365 no 0 21 1 37 -780.53

Lactobacillus thailen-
densis 22698 yes 2 yes 11 6 37 -161.03

Lactobacillus versmol-
densis 14857 no 0 4 1 30 -70.60

Lactobacillus vini 20605 no 0 1 1 37 -40.14

Leuconostoc

mesente-
roides
subsp.
mesen-
teroides

20343 yes 1 no 1 2 30 -69.05

Pediococcus acidilac-
tici 19927 no 0 3 1 30 -83.40

Pediococcus claus-
senii 14800 yes 1 no 3 2 30 -106.35

Pediococcus ethanoli-
durans 22301 yes 1 no 9 4 37 -257.24

Pediococcus inopi-
natus 20285 yes 1 no 10 4 30 -46.32

Pediococcus parvulus 20332 yes 2 yes 10 6 30 -476.83
Pediococcus stilesii 18001 no 0 0 1 30 -11.10
Weissela confusa 20196 yes 1 yes 2 3 30 -50.80

Weissela halotole-
rans 20190 no 0 1 1 30 -137.23

Weissela virides-
cens 20410 no 0 7 1 30 -39.56

Lactobacillus rhamno-
sus

GG
WT yes 1 / 14 / 37 104.05

Lactobacillus rhamno-
sus

GG
spaCBA no 0 / 13 / 37 -386.00

Table A.1: The collection of 73 lactic acid bacteria (LAB) strains screened for potential
adhesive interactions with β-lactoglobulin; Lactobacillus rhamnosus GG (LGG) "wild
type" (WT) and spaCBA (pili-depleted strain) are used as control strains.
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B

Impact of shearing on bacterial

chain size distribution

B.1 Lactobacillus rhamnosus GG "wild type" (WT)

Type of
chains

Shear rate γ̇ (s−1)

Control 244 3.0×105 3.7×105 4.2×105 4.9×105 11×105 (OT) 11×105 (R)
Single cell 0 ± 0 0 ± 0 3.88 ± 1.18 8.08 ± 2.10 10.18 ± 1.60 10.72 ± 2.38 22.40 ± 1.67 38.06 ± 2.01
2-cell 4.85 ± 1.55 4.99 ± 1.38 56.87 ± 3.63 48.79 ± 3.21 65.20 ± 2.43 57.89 ± 3.55 55.02 ± 2.00 47.45 ± 2.39
3-cell 1.96 ± 1.00 2.16 ± 1.27 5.96 ± 1.51 6.20 ± 1.68 4.96 ± 1.23 5.17 ± 1.40 3.37 ± 0.45 1.37 ± 0.43
4-cell 12.54 ± 2.43 10.30 ± 2.46 18.91 ± 3.84 6.05 ± 1.23 11.22 ± 1.65 6.34 ± 1.74 2.65 ± 0.51 1.63 ± 0.35
5-cell 4.31 ± 1.33 4.70 ± 1.48 2.53 ± 0.79 1.56 ± 0.75 0.55 ± 0.38 1.56 ± 0.90 0.50 ± 0.20 0 ± 0
6-cell 8.98 ± 1.91 10.57 ± 1.93 2.11 ± 1.00 1.77 ± 0.89 0.48 ± 0.32 2.03 ± 0.81 0.20 ± 0.14 0.08 ± 0.08
7-cell 6.19 ± 1.93 4.44 ± 1.33 0.49 ± 0.48 0.43 ± 0.42 0.18 ± 0.18 0.43 ± 0.42 0.14 ± 0.13 0 ± 0
8-cell 8.58 ± 2.05 6.61 ± 1.43 0.31 ± 0.30 0.25 ± 0.24 0 ± 0 0 ± 0 0.09 ± 0.09 0 ± 0
9-cell 1.92 ± 1.00 5.54 ± 1.77 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
10-cell 3.87 ± 1.50 2.09 ± 0.87 0.38 ± 0.37 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
> 10-cell 23.89 ± 3.24 29.03 ± 4.72 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Flocs 22.90 ± 2.25 19.58 ± 3.63 8.56 ± 1.83 26.87 ± 3.86 7.24 ± 1.67 15.86 ± 2.49 15.63 ± 1.97 11.41 ± 2.22

Table B.1: Lactobacillus rhamnosus GG "wild type" chain distribution (% by type of
chains) before and after spray-drying for shear rates ranging from 244 s−1 to 11×105

s−1; OT = one-time shearing, R = repeated shearing. Standard errors are presented.
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Appendix B. Impact of shearing on bacterial chain size distribution

B.2 Lactobacillus rhamnosus GG spaCBA

Type of
chains

Shear rate γ̇ (s−1)

Control 244 3.0×105 3.7×105 4.2×105 4.9×105 11×105 (OT) 11×105 (R)
Single cell 1.25 ± 0.53 1.12 ± 0.52 4.30 ± 0.86 5.30 ± 0.82 9.42 ± 1.21 14.56 ± 1.47 16.50 ± 1.29 35.69 ± 1.09
2-cell 6.73 ± 1.22 9.28 ± 1.13 34.37 ± 1.98 44.84 ± 2.78 45.22 ± 1.55 52.15 ± 1.62 47.59 ± 1.47 43.22 ± 1.05
3-cell 2.09 ± 0.58 3.22 ± 0.82 11.99 ± 1.60 10.17 ± 1.40 8.01 ± 1.00 7.14 ± 0.55 4.99 ± 0.43 3.42 ± 0.31
4-cell 6.25 ± 1.15 9.96 ± 1.42 19.54 ± 1.46 15.05 ± 1.77 10.57 ± 0.60 8.76 ± 0.77 5.80 ± 0.71 1.68 ± 0.29
5-cell 2.99 ± 0.90 3.54 ± 0.79 3.54 ± 0.65 1.72 ± 0.50 2.07 ± 0.38 1.20 ± 0.27 0.87 ± 0.25 0.14 ± 0.08
6-cell 3.68 ± 0.95 7.14 ± 0.99 2.53 ± 0.77 4.36 ± 0.83 1.12 ± 0.28 1.21 ± 0.29 0.40 ± 0.16 0.04 ± 0.04
7-cell 3.79 ± 0.86 3.09 ± 0.92 1.53 ± 0.41 1.08 ± 0.51 0.44 ± 0.19 0.27 ± 0.14 0 ± 0 0 ± 0
8-cell 7.74 ± 1.52 4.97 ± 0.99 0.78 ± 0.31 0.85 ± 0.38 0.18 ± 0.10 0.03 ± 0.03 0 ± 0 0 ± 0
9-cell 2.17 ± 0.64 4.07 ± 0.72 0 ± 0 0 ± 0 0 ± 0 0.10 ± 0.067 0 ± 0 0 ± 0
10-cell 5.13 ± 1.01 2.42 ± 0.64 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
> 10-cell 26.59 ± 3.00 17.40 ± 2.00 0 ± 0 0.17 ± 0.17 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Flocs 31.58 ± 2.71 33.80 ± 1.60 21.41 ± 1.44 16.46 ± 1.27 22.98 ± 1.19 14.58 ± 1.33 23.85 ± 1.22 15.81 ± 0.65

Table B.2: Lactobacillus rhamnosus GG spaCBA chain distribution (% by type of chains)
before and after spray-drying for shear rates ranging from 244 s−1 to 11×105 s−1; OT =
one-time shearing, R = repeated shearing. Standard errors are presented.

B.3 Lactobacillus rhamnosus GG welE

Type of
chains

Shear rate γ̇ (s−1)

Control 244 3.0×105 3.7×105 4.2×105 4.9×105 11×105 (OT) 11×105 (R)
single cell 0.18 ± 0.18 1.22 ± 0.58 5.46 ± 0.73 7.04 ± 1.36 15.33 ± 1.94 22.24 ± 2.05 17.91 ± 1.80 51.97 ± 2.43
2-cell 9.33 ± 1.38 22.91 ± 2.57 48.80 ± 1.32 60.50 ± 2.57 56.39 ± 2.12 53.68 ± 2.38 57.99 ± 1.77 33.47 ± 2.02
3-cell 3.99 ± 1.06 4.98 ± 1.11 6.96 ± 0.90 8.02 ± 1.18 9.11 ± 1.20 4.22 ± 0.64 3.72 ± 0.68 2.86 ± 0.89
4-cell 11.52 ± 1.34 13.95 ± 1.19 13.30 ± 0.84 13.53 ± 1.36 10.26 ± 1.49 4.40 ± 0.62 3.63 ± 0.55 0.33 ± 0.22
5-cell 3.87 ± 0.80 3.40 ± 0.84 2.60 ± 0.44 1.51 ± 0.45 2.30 ± 0.92 0.71 ± 0.28 0.45 ± 0.17 0 ± 0
6-cell 8.00 ± 1.34 6.68 ± 1.04 2.69 ± 0.56 2.13 ± 0.68 1.63 ± 0.51 0.53 ± 0.24 0.19 ± 0.09 0 ± 0
7-cell 3.60 ± 0.92 5.16 ± 0.91 0.98 ± 0.29 0.50 ± 0.34 0 ± 0 0.27 ± 0.22 0.03 ± 0.03 0.07 ± 0.07
8-cell 7.23 ± 1.51 5.22 ± 0.71 0.24 ± 0.11 0.12 ± 0.11 0 ± 0 0 ± 0 0.14 ± 0.13 0 ± 0
9-cell 4.29 ± 0.89 2.33 ± 0.62 0.33 ± 0.16 0 ± 0 0 ± 0 0 ± 0 0.14 ± 0.14 0 ± 0
10-cell 5.70 ± 1.37 4.71 ± 0.86 0.07 ± 0.06 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
> 10-cell 25.33 ± 2.68 14.94 ± 1.40 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.55 ± 0.53 0 ± 0
Flocs 16.93 ± 1.48 14.51 ± 1.84 18.55 ± 1.03 6.65 ± 0.99 4.98 ± 0.92 13.95 ± 1.92 15.24 ± 1.52 11.30 ± 1.03

Table B.3: Lactobacillus rhamnosus GG welE chain distribution (% by type of chains)
before and after spray-drying for shear rates ranging from 244 s−1 to 11×105 s−1; OT =
one-time shearing, R = repeated shearing. Standard errors are presented.
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C

Maximal surface traction forces

applied to cells in bacterial chains of

various length

C.1 Maximal surface traction forces on 2-cell, 3-cell, and

4-cell chains

Time 2 ellipsoids 3 ellipsoids 4 ellipsoids
L R L M R L ML MR R

0 2.4900 2.4900 2.4859 2.4284 2.4859 2.4845 2.4225 2.4225 2.4845
0.25 2.8007 2.8007 2.8064 2.7556 2.8064 2.7908 2.7704 2.7704 2.7908
0.5 2.8408 2.8408 2.8479 2.7439 2.8479 2.8384 2.7629 2.7629 2.8384
0.75 2.8828 2.8828 2.8796 2.7424 2.8796 2.8732 2.7565 2.7565 2.8732
1 2.9280 2.9280 2.9109 2.7419 2.9109 2.9024 2.7504 2.7504 2.9024
1.25 2.9765 2.9765 2.9430 2.7415 2.9430 2.9294 2.7476 2.7476 2.9294
1.5 3.0290 3.0290 2.9759 2.7409 2.9759 2.9554 2.7526 2.7526 2.9554
1.75 3.0873 3.0873 3.0102 2.7403 3.0102 2.9818 2.7579 2.7579 2.9818
2 3.1514 3.1514 3.0458 2.7396 3.0458 3.0085 2.7634 2.7634 3.0085
2.25 3.2216 3.2216 3.0830 2.7388 3.0830 3.0358 2.7690 2.7690 3.0358
2.5 3.3008 3.3008 3.1221 2.7379 3.1221 3.0637 2.7746 2.7746 3.0637
2.75 3.3883 3.3883 3.1627 2.7369 3.1627 3.0924 2.7803 2.7803 3.0924
3 3.4870 3.4870 3.2064 2.7357 3.2064 3.1221 2.7861 2.7861 3.1221
3.25 3.5938 3.5938 3.2526 2.7344 3.2526 3.1528 2.7919 2.7919 3.1528
3.5 3.7147 3.7147 3.3016 2.7330 3.3016 3.1847 2.7977 2.7977 3.1847
3.75 3.8501 3.8501 3.3543 2.7314 3.3543 3.2172 2.8037 2.8037 3.2172
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Appendix C. Maximal surface traction forces applied to cells in bacterial chains of various length

4 3.9992 3.9992 3.4096 2.7296 3.4096 3.2517 2.8097 2.8097 3.2517
4.25 4.1689 4.1689 3.4702 2.7276 3.4702 3.2876 2.8157 2.8157 3.2876
4.5 4.3586 4.3586 3.5350 2.7251 3.5350 3.3251 2.8219 2.8219 3.3251
4.75 4.5716 4.5716 3.6049 2.7226 3.6049 3.3644 2.8282 2.8282 3.3644
5 4.8094 4.8094 3.6808 2.7199 3.6808 3.4058 2.8345 2.8345 3.4058
5.25 5.0796 5.0796 3.7606 2.7168 3.7606 3.4496 2.8410 2.8410 3.4496
5.5 5.3820 5.3820 3.8497 2.7133 3.8497 3.4941 2.8476 2.8476 3.4941
5.75 5.7201 5.7201 3.9458 2.7094 3.9458 3.5426 2.8544 2.8544 3.5426
6 6.0924 6.0924 4.0501 2.7049 4.0501 3.5936 2.8613 2.8613 3.5936
6.25 6.4945 6.4945 4.1642 2.6998 4.1642 3.6475 2.8684 2.8684 3.6475
6.5 6.9069 6.9069 4.2899 2.6940 4.2899 3.7047 2.8756 2.8756 3.7047
6.75 7.2842 7.2842 4.4233 2.6873 4.4233 3.7656 2.8830 2.8830 3.7656
7 7.5345 7.5345 4.5736 2.6796 4.5736 3.8310 2.8906 2.8906 3.8310
7.25 7.4825 7.4825 4.7385 2.6707 4.7385 3.8974 2.8984 2.8984 3.8974
7.5 6.8548 6.8548 4.9205 2.6603 4.9205 3.9711 2.9061 2.9061 3.9711
7.75 5.3928 5.3928 5.1224 2.6481 5.1224 4.0493 2.9144 2.9144 4.0493
8 3.4153 3.4153 5.3483 2.6336 5.3483 4.1329 2.9230 2.9230 4.1329
8.25 3.3761 3.3761 5.5946 2.6164 5.5946 4.2224 2.9318 2.9318 4.2224
8.5 5.3514 5.3514 5.8743 2.5956 5.8743 4.3187 2.9410 2.9410 4.3187
8.75 6.8358 6.8358 6.1868 2.5704 6.1868 4.4228 2.9504 2.9504 4.4228
9 7.4804 7.4804 6.5381 2.5382 6.5381 4.5360 2.9601 2.9601 4.5360
9.25 7.5403 7.5403 6.9339 2.4995 6.9339 4.6520 2.9702 2.9702 4.6520
9.5 7.2903 7.2903 7.3746 2.4508 7.3746 4.7823 2.9806 2.9806 4.7823
9.75 6.9107 6.9107 7.8691 2.3888 7.8691 4.9232 2.9914 2.9914 4.9232
10 6.4951 6.4951 8.4131 2.3093 8.4131 5.0762 3.0025 3.0025 5.0762
10.25 6.0899 6.0899 8.9969 2.2076 8.9969 5.2429 3.0140 3.0140 5.2429
10.5 5.7161 5.7161 9.5857 2.0800 9.5857 5.4254 3.0258 3.0258 5.4254
10.75 5.3744 5.3744 10.1066 1.9309 10.1066 5.6263 3.0379 3.0379 5.6263
11 5.0703 5.0703 10.3983 1.8105 10.3983 5.8423 3.0503 3.0503 5.8423
11.25 4.7987 4.7987 10.1613 1.9378 10.1613 6.0847 3.0628 3.0628 6.0847
11.5 4.5600 4.5600 8.9344 2.2436 8.9344 6.3522 3.0753 3.0753 6.3522
11.75 4.3463 4.3463 6.3317 2.5700 6.3317 6.6486 3.0876 3.0876 6.6486
12 4.1565 4.1565 3.2049 2.7359 3.2049 6.9782 3.0992 3.0992 6.9782
12.25 3.9866 3.9866 4.7870 2.6640 4.7870 7.3463 3.1097 3.1097 7.3463
12.5 3.8376 3.8376 7.9265 2.3750 7.9265 7.7593 3.1183 3.1183 7.7593
12.75 3.7028 3.7028 9.7750 2.0323 9.7750 8.2188 3.1223 3.1223 8.2188
13 3.5822 3.5822 10.3954 1.8201 10.3954 8.7373 3.1220 3.1220 8.7373
13.25 3.4759 3.4759 10.2841 1.8835 10.2841 9.3169 3.1132 3.1132 9.3169
13.5 3.3785 3.3785 9.8256 2.0335 9.8256 9.9613 3.0910 3.0910 9.9613
13.75 3.2920 3.2920 9.2401 2.1702 9.2401 10.6688 3.0474 3.0474 10.6688
14 3.2153 3.2153 8.6368 2.2813 8.6368 11.4203 2.9698 2.9698 11.4203
14.25 3.1451 3.1451 8.0639 2.3685 8.0639 12.1679 2.8391 2.8391 12.1679
14.5 3.0824 3.0824 7.5401 2.4365 7.5401 12.8006 2.6233 2.6233 12.8006
14.75 3.0261 3.0261 7.0715 2.4899 7.0715 13.0905 2.3888 2.3888 13.0905
15 2.9745 2.9745 6.6507 2.5320 6.6507 12.6202 2.8403 2.8403 12.6202
15.25 2.9272 2.9272 6.2779 2.5656 6.2779 10.7709 3.1989 3.1990 10.7708
15.5 2.8836 2.8836 5.9468 2.5938 5.9468 7.0799 3.2259 3.2259 7.0798
15.75 2.8425 2.8425 5.6516 2.6158 5.6516 2.9488 2.7996 2.7996 2.9487
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C.1. Maximal surface traction forces on 2-cell, 3-cell, and 4-cell chains

16 2.8036 2.8036 5.3920 2.6341 5.3920 6.3182 3.1505 3.1505 6.3183
16.25 2.7662 2.7662 5.1553 2.6492 5.1553 10.3475 3.1231 3.1231 10.3476
16.5 2.8001 2.8001 4.9438 2.6620 4.9438 12.4951 2.7877 2.7877 12.4951
16.75 2.8401 2.8401 4.7545 2.6728 4.7545 13.1090 2.3636 2.3636 13.1090
17 2.8821 2.8821 4.5833 2.6820 4.5833 12.8621 2.6680 2.6680 12.8621
17.25 2.9272 2.9272 4.4278 2.6898 4.4278 12.2245 2.8932 2.8932 12.2245
17.5 2.9757 2.9757 4.2899 2.6966 4.2899 11.4551 3.0335 3.0335 11.4551
17.75 3.0288 3.0288 4.1611 2.7025 4.1611 10.6785 3.1161 3.1161 10.6785
18 3.0863 3.0863 4.0446 2.7077 4.0446 9.9467 3.1630 3.1630 9.9467
18.25 3.1502 3.1502 3.9384 2.7121 3.9384 9.2810 3.1871 3.1871 9.2810
18.5 3.2203 3.2203 3.8408 2.7161 3.8408 8.6836 3.1968 3.1968 8.6836
18.75 3.2994 3.2994 3.7534 2.7195 3.7534 8.1508 3.1974 3.1974 8.1508
19 3.3868 3.3868 3.6706 2.7225 3.6706 7.6788 3.1921 3.1921 7.6788
19.25 3.4853 3.4853 3.5951 2.7252 3.5951 7.2566 3.1832 3.1832 7.2566
19.5 3.5919 3.5919 3.5258 2.7276 3.5258 6.8815 3.1720 3.1721 6.8815
19.75 3.7126 3.7126 3.4614 2.7297 3.4614 6.5459 3.1608 3.1608 6.5459
20 3.8477 3.8477 3.4030 2.7316 3.4030 6.2448 3.1478 3.1478 6.2448
20.25 3.9965 3.9965 3.3479 2.7332 3.3479 5.9737 3.1346 3.1346 5.9737
20.5 4.1660 4.1660 3.2970 2.7347 3.2970 5.7332 3.1214 3.1214 5.7332
20.75 4.3550 4.3550 3.2495 2.7363 3.2495 5.5105 3.1084 3.1084 5.5105
21 4.5679 4.5679 3.2055 2.7374 3.2055 5.3095 3.0957 3.0957 5.3095
21.25 4.8051 4.8051 3.1637 2.7384 3.1637 5.1271 3.0834 3.0834 5.1271
21.5 5.0748 5.0748 3.1244 2.7393 3.1244 4.9607 3.0714 3.0714 4.9607
21.75 5.3768 5.3768 3.0872 2.7401 3.0872 4.8082 3.0598 3.0598 4.8082
22 5.7145 5.7145 3.0517 2.7408 3.0517 4.6679 3.0486 3.0486 4.6679
22.25 6.0860 6.0860 3.0181 2.7413 3.0181 4.5429 3.0378 3.0378 4.5429
22.5 6.4877 6.4877 2.9855 2.7418 2.9855 4.4231 3.0273 3.0273 4.4231
22.75 6.8999 6.8999 2.9540 2.7422 2.9540 4.3135 3.0173 3.0173 4.3135
23 7.2787 7.2787 2.9235 2.7425 2.9235 4.2126 3.0075 3.0075 4.2126
23.25 7.5322 7.5322 2.8938 2.7427 2.8938 4.1192 2.9981 2.9981 4.1192
23.5 7.4872 7.4872 2.8648 2.7429 2.8648 4.0324 2.9890 2.9890 4.0324
23.75 6.8715 6.8715 2.8363 2.7429 2.8363 3.9513 2.9802 2.9802 3.9513
24 5.4237 5.4237 2.8081 2.7429 2.8081 3.8783 2.9716 2.9716 3.8783
24.25 3.4444 3.4444 2.8008 2.7429 2.8008 3.8080 2.9633 2.9633 3.8080
24.5 3.3484 3.3484 2.8303 2.7427 2.8303 3.7428 2.9552 2.9552 3.7428
24.75 5.3200 5.3200 2.8604 2.7425 2.8604 3.6822 2.9474 2.9474 3.6822
25 6.8184 6.8184 2.8911 2.7422 2.8911 3.6253 2.9397 2.9397 3.6253

Table C.1: Maximal surface traction forces (MaxSTF) applied to each bacterial cell (el-
lipsoid body) of chains of 2, 3, and 4cells over time. L=Left cell, ML=middle left cell,
MR=middle right cell, R=right cell.
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Appendix C. Maximal surface traction forces applied to cells in bacterial chains of various length

C.2 Maximal surface traction forces on 5-cell chains

Time 5 ellipsoids
L ML C MR R

0 2.4839 2.4207 2.4166 2.4207 2.4839
0.25 2.7909 2.7605 2.7660 2.7605 2.7909
0.5 2.8330 2.7629 2.7623 2.7629 2.8330
0.75 2.8666 2.7652 2.7569 2.7652 2.8666
1 2.8967 2.7649 2.7530 2.7649 2.8967
1.25 2.9243 2.7626 2.7503 2.7626 2.9243
1.5 2.9500 2.7589 2.7483 2.7589 2.9500
1.75 2.9751 2.7542 2.7469 2.7542 2.9751
2 2.9996 2.7488 2.7458 2.7488 2.9996
2.25 3.0237 2.7505 2.7450 2.7505 3.0237
2.5 3.0478 2.7566 2.7444 2.7566 3.0478
2.75 3.0720 2.7629 2.7439 2.7629 3.0720
3 3.0964 2.7694 2.7435 2.7694 3.0964
3.25 3.1213 2.7761 2.7431 2.7761 3.1213
3.5 3.1467 2.7829 2.7428 2.7829 3.1467
3.75 3.1727 2.7899 2.7424 2.7899 3.1727
4 3.1995 2.7969 2.7421 2.7969 3.1995
4.25 3.2261 2.8041 2.7418 2.8041 3.2261
4.5 3.2544 2.8114 2.7414 2.8114 3.2544
4.75 3.2836 2.8188 2.7410 2.8188 3.2836
5 3.3136 2.8263 2.7407 2.8263 3.3136
5.25 3.3447 2.8340 2.7403 2.8340 3.3447
5.5 3.3769 2.8417 2.7398 2.8417 3.3769
5.75 3.4105 2.8496 2.7394 2.8496 3.4105
6 3.4455 2.8576 2.7389 2.8576 3.4455
6.25 3.4822 2.8658 2.7383 2.8658 3.4822
6.5 3.5185 2.8741 2.7378 2.8741 3.5185
6.75 3.5582 2.8826 2.7372 2.8826 3.5582
7 3.5994 2.8913 2.7365 2.8913 3.5994
7.25 3.6425 2.9002 2.7358 2.9002 3.6425
7.5 3.6875 2.9093 2.7351 2.9093 3.6875
7.75 3.7347 2.9185 2.7343 2.9185 3.7347
8 3.7844 2.9281 2.7335 2.9281 3.7844
8.25 3.8369 2.9378 2.7325 2.9378 3.8369
8.5 3.8926 2.9478 2.7316 2.9478 3.8926
8.75 3.9476 2.9581 2.7305 2.9581 3.9476
9 4.0087 2.9687 2.7294 2.9687 4.0087
9.25 4.0730 2.9797 2.7281 2.9797 4.0730
9.5 4.1407 2.9906 2.7268 2.9906 4.1407
9.75 4.2123 3.0022 2.7254 3.0022 4.2123
10 4.2881 3.0142 2.7238 3.0142 4.2881
10.25 4.3688 3.0266 2.7221 3.0266 4.3688
10.5 4.4547 3.0395 2.7203 3.0395 4.4547
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10.75 4.5468 3.0528 2.7183 3.0528 4.5468
11 4.6402 3.0667 2.7161 3.0667 4.6402
11.25 4.7442 3.0810 2.7137 3.0810 4.7442
11.5 4.8552 3.0960 2.7110 3.0960 4.8552
11.75 4.9738 3.1115 2.7082 3.1115 4.9738
12 5.1009 3.1277 2.7050 3.1277 5.1009
12.25 5.2375 3.1446 2.7015 3.1446 5.2375
12.5 5.3848 3.1622 2.6976 3.1622 5.3848
12.75 5.5443 3.1806 2.6933 3.1806 5.5443
13 5.7175 3.1997 2.6884 3.1997 5.7175
13.25 5.9063 3.2198 2.6830 3.2198 5.9063
13.5 6.1056 3.2406 2.6770 3.2406 6.1056
13.75 6.3284 3.2624 2.6701 3.2624 6.3284
14 6.5722 3.2850 2.6624 3.2850 6.5722
14.25 6.8397 3.3084 2.6536 3.3084 6.8397
14.5 7.1345 3.3326 2.6436 3.3326 7.1345
14.75 7.4608 3.3574 2.6322 3.3574 7.4608
15 7.8234 3.3824 2.6190 3.3824 7.8234
15.25 8.2283 3.4073 2.6033 3.4073 8.2283
15.5 8.6766 3.4313 2.5858 3.4313 8.6766
15.75 9.1824 3.4532 2.5655 3.4532 9.1824
16 9.7498 3.4713 2.5423 3.4713 9.7498
16.25 10.3850 3.4835 2.5158 3.4835 10.3850
16.5 11.0926 3.4857 2.4863 3.4857 11.0926
16.75 11.8638 3.4719 2.4544 3.4719 11.8638
17 12.6725 3.4368 2.4222 3.4368 12.6725
17.25 13.4286 3.3759 2.3930 3.3759 13.4286
17.5 13.9366 3.2844 2.3697 3.2844 13.9366
17.75 13.8100 3.1713 2.3438 3.1713 13.8100
18 12.5523 3.8144 2.2769 3.8144 12.5523
18.25 10.0302 4.8659 2.1036 4.8659 10.0302
18.5 7.0606 5.7757 1.8632 5.7757 7.0606
18.75 4.9436 6.0596 3.0405 6.0596 4.9436
19 4.6312 7.4551 4.9304 7.4551 4.6312
19.25 7.0944 8.1595 5.4952 8.1595 7.0944
19.5 11.7479 5.7902 3.5995 5.7902 11.7479
19.75 14.6624 4.1286 2.6137 4.1286 14.6624
20 15.6426 3.5413 1.9563 3.5413 15.6426
20.25 15.5172 3.4377 1.7817 3.4377 15.5172
20.5 14.8341 3.7196 1.9179 3.7196 14.8341
20.75 13.9292 3.8511 2.0660 3.8511 13.9292
21 12.9830 3.9032 2.1868 3.9032 12.9830
21.25 12.0789 3.9085 2.2824 3.9085 12.0789
21.5 11.2477 3.8898 2.3580 3.8898 11.2477
21.75 10.4993 3.8582 2.4182 3.8582 10.4993
22 9.8309 3.8199 2.4665 3.8199 9.8309
22.25 9.2354 3.7788 2.5056 3.7788 9.2354
22.5 8.7047 3.7372 2.5377 3.7372 8.7047
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22.75 8.2339 3.6962 2.5641 3.6962 8.2339
23 7.8095 3.6565 2.5862 3.6565 7.8095
23.25 7.4296 3.6198 2.6047 3.6198 7.4296
23.5 7.0880 3.5837 2.6205 3.5837 7.0880
23.75 6.7796 3.5497 2.6339 3.5497 6.7796
24 6.5001 3.5176 2.6455 3.5176 6.5001
24.25 6.2456 3.4874 2.6555 3.4874 6.2456
24.5 6.0187 3.4589 2.6642 3.4589 6.0187
24.75 5.8054 3.4321 2.6718 3.4321 5.8054
25 5.6109 3.4067 2.6785 3.4067 5.6109

Table C.2: Maximal surface traction forces (MaxSTF) applied to each bacterial cell (el-
lipsoid body) of 5-cell chains over time. L=Left cell, ML=middle left cell, C=Center cell,
MR=middle right cell, R=right cell.
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IX.1

Introduction et objectifs

Les capacités adhésives des bactéries sont indissociables de leur survie au sein de nombreux

environnements. Elles leur permettent de se nourrir [Nagara et al., 2017, Yu et al., 1987], de

se déplacer [Persat et al., 2015, Talà et al., 2019], de résister au stress [Björnham and Axner,

2009,Persat et al., 2015] et de coloniser différents milieux [An and Friedman, 1998,Katsikogianni

and Missirlis, 2004,Kline et al., 2010,O’Connell, 2003, Lebeer et al., 2008, Lebeer et al., 2012,

Pizarro-Cerdá and Cossart, 2006,Segers and Lebeer, 2014,Tripathi et al., 2013,Tassell and Miller,

2011, Whittaker et al., 1996]. Les interactions adhésives bactéries-hôte sont responsables de

la mise en place d’infections dans le cas des bactéries pathogènes [An and Friedman, 1998,

Katsikogianni and Missirlis, 2004,Ong and Shah, 2009, Pizarro-Cerdá and Cossart, 2006, Proft

and Baker, 2009,Roszak and Colwell, 1987,Whittaker et al., 1996], mais peuvent aussi générer

des bénéfices santé chez l’hôte dans le cas de bactéries probiotiques, telles que les bactéries

lactiques (LAB) [Agrawal, 2005,Borges et al., 2016b,Cousin et al., 2015,Daniel et al., 2006,Ford

et al., 2014, Johnson-Henry et al., 2016,Lee and Salminen, 2009,Ouwehand et al., 2001,Pandey

et al., 2015,Quinto et al., 2014, Servin and Coconnier, 2003,Tufarelli and Laudadio, 2016]. Les

LAB forment un groupe de bactéries Gram positif, non sporulantes, anaérobies ou aérobies

facultatives qui produisent de l’acide lactique comme composé principal de leur catabolisme

[Stackebrandt and Teuber, 1988, Stiles and Holzapfel, 1997]. Elles sont très utilisées comme

levains en agroalimentaire et, plus récemment, ont suscité un intérêt accru du fait de leur potentiel

probiotique [Carr et al., 2002,Hayek and Ibrahim, 2013,Khalid and others, 2011,Pokusaeva et al.,

2011,Quinto et al., 2014]. Afin de prodiguer leurs effets santé à l’hôte, ces bactéries doivent arriver

dans l’intestin à la fois vivantes et fonctionnelles. Des stratégies ont donc été développées afin
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d’assurer leur protection jusqu’à leur relargage dans l’intestin.

Récemment, des phénomènes d’adhésion ont également été observés entre LAB et composants

de la matrice alimentaire, notamment au sein de certaines viandes [Firstenberg-Eden, 1981,

Piette and Idziak, 1989], céréales [Chumphon et al., 2016] et produits laitiers [Burgain et al.,

2014a, Gomand et al., 2019b, Gomand et al., 2018, Guerin et al., 2016]. Ces interactions sont

susceptibles de jouer un rôle important en termes de protection et d’efficacité de relargage des

probiotiques dans l’intestin, qui a été mis en avant par plusieurs revues de la littérature [Gomand

et al., 2019a, Hickey et al., 2015b, Mortazavian et al., 2012, Ranadheera et al., 2010, Sanders

and Marco, 2010]. Des études récentes ont montré que l’adhésion bactérienne aux composants

alimentaires pouvait notamment moduler la distribution des bactéries dans l’aliment [Jeanson

et al., 2011,Jeanson et al., 2015,Okochi et al., 2017,Laloy et al., 1996,Lopez et al., 2006], modifier

les propriétés rhéologiques de la matrice [Laloy et al., 1996,Lopez et al., 2006,Tarazanova et al.,

2018a], et entrer en compétition avec l’adhésion aux cellules intestinales [Guerin et al., 2018b,Sun

and Wu, 2017].

Ces interactions adhésives sont possibles grâce à la présence de protéines à la surface des

cellules bactériennes, dont font partie les pili, qui sont des protéines filamentaires sortase-

dépendantes ancrées par liaisons chimiques de haute énergie à la paroi bactérienne [Kline et al.,

2010, Schneewind and Missiakas, 2014b]. Ces protéines de surface sont sensibles au stress pou-

vant être généré lors de certaines étapes industrielles de fabrication alimentaire ou fermentaire,

susceptibles d’endommager la paroi des cellules et donc d’engendrer une diminution des capacités

adhésives bactériennes. L’atomisation de suspensions bactériennes, en particulier, ainsi que les

étapes de brassage du lait et d’étirement de la matrice fromagère (dans le cas de fromages de

type "pâte filée"), génèrent un stress de cisaillement conduisant à des modifications significatives

de la surface bactérienne [Arnaud et al., 1993, Berzins et al., 2001,Kiekens et al., 2019, Lange

et al., 2001,Taskila, 2017,Tripathi et al., 2012].

Cependant, la majorité des études menées jusqu’à présent sur l’adhésion bactérienne aux

composants de l’aliment se sont concentrées seulement sur quelques souches [De Bellis et al.,

2010,Chumphon et al., 2016,Tarazanova et al., 2017,Tarazanova et al., 2018a,Tarazanova et al.,

2018b, Utratna et al., 2017]. Il est par conséquent difficile d’avoir une vision d’ensemble du

phénomène d’adhésion bactérienne aux composants de la matrice alimentaire à l’échelle de

groupes de souches, tels que le groupe LAB. Le développement d’outils permettant de carac-

tériser l’adhésion et ses effets sur les bactéries au sein de matrices alimentaires répondrait donc

au besoin de l’industrie de mieux comprendre les conditions permettant d’améliorer ou de réduire
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la viabilité et la fonctionnalité des bactéries probiotiques à l’échelle du groupe LAB. En partic-

ulier, une meilleure compréhension de l’impact d’étapes industrielles génératrices de stress pour

les bactéries permettrait d’optimiser les procédés de fabrication en vue d’un meilleur relargage

des probiotiques dans le tractus intestinal.

Mon projet de thèse répond aux trois questions suivantes :

1. L’adhésion bactérie-β-lactoglobuline présente-elle des caractéristiques communes au sein

du groupe des bactéries lactiques ?

2. Quel est l’effet du cisaillement sur l’intégrité cellulaire (organisation spatiale et capacités

adhésives) de Lactobacillus rhamnosus GG ?

3. Quelle est l’influence des interactions adhésives bactérie-particule sur la dynamique du

système et les forces exercées sur la bactérie ?

Le chapitre IX.2 répond à l’objectif 1, et le chapitre IX.3 aux objectifs 2 et 3.
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IX.2

Adhésion bactérie-aliment: ampleur

et conséquences spatiales

Une méthode de criblage haut-débit a été développée, permettant d’évaluer l’affinité adhésive

d’une centaine de souches vis-à-vis d’une gamme de biomolécules d’intérêt. Cette méthode com-

porte trois étapes principales, représentées en Figure IX.2.1, qui sont (i) l’immobilisation de la

biomolécule d’intérêt sur des microplaques de 96 puits à haute valeur adhésive, (ii) l’incubation

des souches bactériennes sur ces mêmes microplaques, permettant la mise en place des inter-

actions adhésives bactérie-biomolécule. Cette étape est suivie de lavages successifs permettant

d’éliminer les bactéries non-adhérentes, puis (iii) un suivi de la croissance bactérienne est effec-

tué. Il a été démontré que le temps apparent de croissance d’une souche est directement correlé

au nombre de bactéries capables d’adhérer à la biomolécule testée. Cette méthode présente

l’avantage d’évaluer à la fois les capacités adhésives des bactéries et leur viabilité, car seules les

bactéries vivantes et fonctionnelles sont capables de pousser sur microplaques. Elle a été validée

sur la souche modèle Lactobacillus rhamnosus GG (LGG) ainsi que sur trois souches présentant

diverses mutations de surface modifiant leurs capacités adhésives.

Cette méthode a ensuite été appliquée à une collection de 73 souches LAB, dont l’affinité ad-

hésive a été évaluée vis-à-vis d’une protéine laitière majeure du lactosérum, la β-lactoglobuline.

Le but était de déterminer si les interactions adhésives de souches issue d’un même groupe

présentaient des caractéristiques communes, et si celles-ci pouvaient être prédites à partir de la

composition de surface de ces bactéries. Un phénomène d’adhésion à la β-lactoglobulin a été

observé seulement sur quatre souches, soit moins de 6 % de notre collection. L’étude génomique
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Criblage de 73 souches LAB vis-à-vis de leur affinité adhésive
pour la β-lactoglobulin. Deux souches extrêmes ont été choisies: 

•  Lactobacillus aquaticus DSM 21051 (haute affinité)
•  Lactobacillus sharpeae DSM 20505 (faible affinité)
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Figure IX.2.1: Ampleur du phénomène d’adhésion bactérie-aliment et ses conséquences
sur la répartition spatiale bactérienne (objectif 1).
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réalisée sur les souches adhérentes, focalisée sur les protéines prédites à motif LPxTG, ainsi que

sur les clusters de gènes responsables de l’expression de pili, n’a pas permis de tirer de conclu-

sions quant aux acteurs moléculaires qui seraient impliqués dans l’adhésion à la β-lactoglobuline.

Deux souches extrêmes en termes d’adhésion, i.e. la souche la plus adhérente de la collection,

Lactobacillus aquaticus DSM 21051, et la souche la moins adhérente, Lactobacillus sharpeae DSM

20505, ont été étudiées plus en détail par microscopie à force atomique (AFM), ainsi que par

microscopie confocale (CLSM). Les résultats principaux de cette étude sont présenté en Fig.

IX.2.1. Il a été mis en évidence que l’adhésion de Lactobacillus aquaticus DSM 21051 à la

β-lactoglobuline est hautement spécifique, comme en témoigne la signature caractéristique ob-

servable sur les courbes de retraits d’AFM présentées en Fig. IX.2.1. Il a également été démontré

que ces interactions adhésives influençaient de manière importante la répartition des bactéries au

sein d’une matrice contenant de la β-lactoglobuline, constituée d’extrait de lactosérum (Whey

Protein Isolate, WPI). Des agrégats de cellules bactériennes ont été observés au sein de cette

matrice pour la souche adhésive Lactobacillus aquaticus DSM 21051, tandis qu’une répartition

plus homogène a été observée dans le cas des cellules de Lactobacillus sharpeae DSM 20505.

Des répartitions similaires ont été observées pour les souches témoins adhésive (LGG WT) et

non-adhésive (LGG spaCBA).

Ces découvertes mettent en évidence la spécificité d’adhésion des bactéries LAB à la β-

lactoglobulin, qui ne semble pas être une caractéristique partagée par la majorité des LAB, ainsi

que le rôle-clé joué par ces interactions sur la répartition des bactéries au sein de la matrice

alimentaire.
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IX.3

Impact du cisaillement sur les

capacités adhésives et la rupture de

chaînes bactériennes

Les protéines de la surface bactérienne impliquées dans les phénomènes d’adhésion aux com-

posants alimentaires sont sensibles au stress pouvant survenir lors d’étapes industrielles de fab-

rication de l’aliment et des ferments, comme l’atomisation ou le brassage du lait. L’impact du

cisaillement sur l’intégrité des cellules bactériennes a été étudié en termes de viabilité, pertes de

capacités adhésives, et modification de la forme bactérienne (en chaînes, cellules isolées, agrégats,

etc.). Cette impact a été appréhendé à travers une double approche, à la fois expérimentale et

théorique grâce à des simulations numériques et une modélisation analytique. Les principaux

résultats obtenus sont présentés en Figure IX.3.1.

Les expériences ont été réalisées à l’échelle de la suspension bactérienne, tandis que la mod-

élisation mathématique s’est attachée à la description des phénomènes à l’échelle de la cellule.

L’intensité du phénomène d’arrachage des protéines à la surface des cellules bactériennes a été

correlée à l’intensité des forces de traction appliquées en surface des cellules au sein d’un flux de

cisaillement. Ces forces de traction sont celles qui ont été étudiées par la suite en modélisation.

Une relation positive entre fonctionnalité adhésive et forme bactérienne a été suggérée en

combinant résultats expérimentaux et résultats de modélisation (Fig. IX.3.1a). En effet, les

pertes les plus importantes en termes de capacités adhésives (suivant une exponentielle décrois-
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A

a
b

•Plus fortes (ellipsoïde): F ∝ K5ln(A) + K6,   K5>2K1

•Plus faibles (colloïde): F ∝ -1/K7ln(A) + K8

•Mouvements périodiques plus lents (ellipsoïde),
en particulier pour de gros colloïdes (grands A)
•Mouvement de rotation retardé (colloïde), notam-
ment pour de petits colloïdes (petits A)
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Figure IX.3.1: Impact du cisaillement sur les capacités adhésives et la rupture de chaînes
bactériennes (objectifs 2 et 3).
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sante en fonction du taux de cisaillement appliqué) ont été observées en parallèle d’un phénomène

de rupture des chaînes bactériennes. Or, notre modèle a également permis de montrer que, plus

une chaîne est longue, plus les forces de traction appliquées aux cellules sont importantes. Les

chaînes plus petites issues de la rupture de chaînes plus longues subiront ainsi des forces de trac-

tion plus faibles, limitant les dommages subits en surface. La rupture de chaînes bactériennes

permettrait ainsi de protéger la fonctionalité des cellules issues de cette rupture. Notre modèle a

également mis en évidence une régiosélectivité des forces de traction et donc des dommages subits

par les cellules bactériennes au sein d’une chaîne : ainsi, les cellules aux extrémités de la chaînes

sont susceptibles d’être plus endommagées par le cisaillement que les cellules proches du centre

de la chaîne, du fait d’effets locaux observés. Cette régiosélectivité est créatrice d’hétérogénéité

au sein d’une même chaîne, et serait susceptible de participer à la sélectivité naturelle.

Les expériences ont mis en évidence le fait que la configuration en chaînes de deux cellules

était la plus favorisée au sein d’un environnment soumis à des forces de cisaillement. Les pertes

maximales de capacités adhésives observées ont été respectivement de 20 % et 55 % pour LGG

WT et LGG welE (souche mutante sans exopolysaccharides (EPS)), suggérant un rôle protecteur

des EPS vis-à-vis des molécules de surface impliquées dans les phénomènes d’adhésion. A con-

trario, un gain en capacités adhésives s’élevant jusqu’à 20 % a été observé pour la souche mutante

sans pili LGG spaCBA, qui pourrait s’expliquer par un arrachage partiel de la couche d’EPS,

permettant d’exposer d’autres protéines adhésives sous-jacentes.

L’influence de l’adhésion bactérienne à des composants alimentaires, tels que les globules

gras, sur l’intégrité des protéines adhésives à la surface de cellules bactériennes soumises à un

cisaillement, a été étudiée par modélisation. L’adhésion d’une bactérie à un colloïde de taille

variable a été modélisée par un système constitué de deux corps. L’un est sphérique de rayon

A (colloïde), l’autre ellipsoïdal de longueur 2a et de largeur 2b (cellule bactérienne), comme

représenté en Fig. IX.3.1c). Ces corps sont connectés l’un à l’autre par un faisceau de ressorts,

caractérisé par deux constantes, l’une de rigidité et l’autre d’élasticité. Ce système haltéroïde a

été comparé à des haltères (dumbbells) rigides et flexibles. Les dynamiques de ces systèmes ont

été étudiées à travers des paramètres de périodicité et de vitesse maximale de rotation. Les forces

de traction exercées sur ces corps au sein d’un flux de cisaillement ont également été étudiées, à la

fois en termes d’intensité et de localisation sur chaque corps. Dans le cas des systèmes flexibles,

un comportement à double fréquence a été observé, se traduisant par un mouvement de balancier

(swinging) pour le corps le plus petit et un mouvement de rotation pour le corps le plus grand,

entraînant à sa suite l’ensemble du système. L’adhésion d’un corps ellipsoïdal à un colloïde
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plus gros, mais de taille variable, augmente les forces de traction sur l’ellipsoïde, de manière

logarithmique avec le rayon A du colloïde, et diminue les forces de tractions exercées sur le

colloïde. Dans ce contexte et pour la configuration étudiée (Fig. IX.3.1c), l’adhésion bactérienne

à un globule gras aurait donc un effet défavorable sur l’intégrité des protéines bactériennes de

surface.
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IX.4

Conclusion et perspectives

Cette thèse a permis de répondre aux trois objectifs énoncés en introduction, à savoir (i) la mise

en place d’une méthode haut-débit permettant d’évaluer rapidement la présence d’interactions

adhésives entre bactéries et composants de la matrice alimentaire pour un grand nombre de

souches, (ii) la détermination de caractéristiques communes d’adhésion à l’échelle du groupe

LAB, en termes de spécificité d’adhésion, mais aussi d’impact sur la répartition spatiale des

bactéries au sein de matrices alimentaires, et (iii) l’impact du cisaillement (pris comme exemple

de stress mécanique) sur la fonctionalité, viabilité et forme bactérienne.

Ce projet est un premier pas en direction d’une meilleure compréhension des phénomènes

d’adhésion bactéries-aliment susceptibles d’influer sur la protection des probiotiques dans la

matrice et l’efficacité de leur relargage.

Les perspectives de poursuite de ces travaux sont multiples. On distinguera notamment les

perspectives à court terme (∼ 6 mois à 1-2 ans) des perspectives à long terme (minimum 2 à 3

ans).

Parmi les perspectives à court terme, on peut envisager de replacer l’adhésion des LAB à la

β-lactoglobuline dans un contexte plus général d’adhésion à la matrice laitière, en appliquant la

méthode haut-débit développée à d’autres composants du lait, comme la membrane des globules

gras (MFGM) et l’α-lactalbumine. L’impact de l’adhésion sur la répartition des bactéries au sein

de matrices alimentaires pourrait aussi être étudié sur des matrices de composition plus com-

plexes, plus proches du lait. Des analyses plus complètes de la surface bactérienne des souches

adhérentes pourraient également être réalisées, prenant en compte d’autres types de protéines

que celles à ancrage LPxTG, comme les protéines liées au système de sécrétion TAT (twinargi-
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Figure IX.4.1: Etude de configurations plus complexes d’adhésion entre bactéries et
globules gras par le biais de simulations numériques.

nine translocation), ou mobilisant d’autres techniques, comme la protéomique. Ces analyses

permettraient potentiellement de proposer de meilleures protéines bactériennes candidates pour

expliquer les mécanismes d’adhésion aux protéines laitières. Concernant l’impact du cisaillement

sur l’intégrité bactérienne, des expériences pourraient être réalisées à l’échelle de la cellule pour

confirmer les résultats obtenus par modélisation et mieux définir le domaine d’application de

notre modèle. Ces expériences pourraient utiliser des outils développés en microfluidique, qui

permettraient de suivre in situ la dynamique et les forces de traction exercées sur les cellules

d’une chaîne. L’adhésion bactérie-globule gras et son impact sur l’intégrité de la surface bactéri-

enne pourrait aussi être étudiée expérimentalement, en utilisant des suspensions monodisperses

de globules gras puis en procédant à des observations microscopiques via AFM. Des configura-

tions plus complexes que celle étudiée dans ce projet (Figure IX.4.1a) pourraient également être

explorées par le biais de simulations numériques, comme présentées en Fig. IX.4.1b, c, et d.

Enfin, l’impact du stress de cisaillement pourrait être combiné à celui d’autres stress, afin de se

rapprocher des conditions réelles procédés (stress hydrique lié au séchage lors de l’atomisation

des ferments par exemple) ou biologiques (stress acide lors de la digestion).

Parmi les perspectives à long terme, deux directions principales de recherche peuvent être

proposées, qui sont (i) l’impact de l’adhésion et des propriétés de surface des cellules bactériennes

sur les propriétés de la matrice alimentaire, notamment lors de sa structuration, et (ii) l’impact

de stress environnementaux sur l’évolution bactérienne et la sélectivité naturelle. L’impact des

propriétés de surface de la souche modèle LGG sur la structuration de matrices laitières sera

étudié au sein d’une nouvelle thèse, débutant en septembre. Des premières expériences ont

permis de montrer que les protéines adhésives bactériennes jouent un rôle sur le coefficient de

diffusivité des bactéries, ainsi que sur la vitesse de crémage du lait cru, que l’on peut corréler à

l’affinité de la souche étudiée pour la membrane des globules gras présents dans le lait.

La relation proposée entre fonctionalité et rupture de chaînes bactériennes au sein d’un flux
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de cisaillement suggère l’existence d’avantages sélectifs conférés par la configuration en chaînes

par rapport à la configuration en cellules isolées dans cet environnement. Ce phénomène pourrait

être étudié à l’échelle expérimentale, en recréant des contraintes de cisaillement en conditions de

cultures, afin de suivre l’évolution naturelle des phénotypes bactériens sur plusieurs générations.

Notre modèle ayant également mis en évidence un phénomène de régiosélectivité des forces

de traction appliquées sur les cellules d’une chaîne bactérienne soumise à un cisaillement, ce

phénomène serait alors créateur d’hétérogénéité à l’échelle d’un individu au sein d’une population.

Une revue a récemment mis en avant l’intérêt de l’hétérogénéité pour la survie de populations

bactériennes soumises à des changements environnementaux imprévisibles [Martins and Locke,

2015]. L’hétérogénéité née du cisaillement au sein d’une population bactérienne pourrait ainsi

être étudiée plus en détails en relation avec les avantages évolutifs qu’elle pourrait conférer à

certains individus, en utilisant des approches de single-cell [Editorial, 2016,Bridier et al., 2015].
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Abstract
In the last decade, there has been an increasing interest in the potential health effects asso-

ciated with consumption of Lactic Acid Bacteria (LAB) in foods. Adhesive interactions between
bacteria and food components are likely to play a key role on bacterial probiotic action by mod-
ulating both bacterial protection and distribution within food matrices. Research presented in
this thesis aims a better understanding of these interactions to help optimizing functional food
design. Indeed, the adhesive behavior of most LAB, as well as the impact of adhesive interactions
on food structuration, remain mostly unknown. Furthermore, some food manufacturing steps,
such as spray-drying, may induce stress on bacteria, which can cause partial loss of bacterial
adhesive capacities. In case of bacteria integrated within an adhesive matrix, the effect of adhe-
sive interactions on bacterial protection from stress can also be questioned. A high-throughput
screening method was first designed to screen quickly a hundred of strains for their adhesive
affinities towards a given range of biomolecules of interest. This method was then applied to
a 73-LAB strains collection which allowed identifying common characteristics amongst adhesive
strains, especially in terms of adhesion specificity. Two studies (experimental and theoretical)
were performed in parallel to determine the impact of shear stress on bacterial functionality and
bacterial chains integrity. These studies suggest that the stress-induced breaking-down process
of bacterial chains can be thought of as a functionality protective process. The proposed model
predicts regioselectivity of damages inflicted to bacterial cells within a chain, which intensity
would vary with chain length. When applied to bacteria-spherical component adhesive inter-
actions within a food matrix submitted to shearing, the model suggests an unfavorable impact
of adhesion on bacterial cell damages, which would be all the more important than spheres are
big. This multidisciplinary research project points out several key findings that may help with
designing more efficient food matrices for optimized LAB delivery.

Keywords: lactic acid bacteria, adhesion, food, shear flow, modeling, stress resistance.

Résumé
Les bactéries lactiques (LAB) ont suscité ces dernières années un intérêt accru en agroali-

mentaire du fait de leur potentiel probiotique, i.e. des potentiels bénéfices santé associés à leur
consommation. Les interactions adhésives entre bactéries et composants alimentaires sont sus-
ceptibles de jouer un rôle-clé à la fois sur la protection et la répartition des bactéries au sein
de l’aliment, impactant donc leur action probiotique. Les travaux réalisés au cours de cette
thèse ont pour objectif une meilleure compréhension de ces interactions, afin d’optimiser la fonc-
tionnalité d’aliments contenant des LAB. En effet, le comportement adhésif de la majorité des
LAB, ainsi que l’effet des interactions adhésives sur la structuration de l’aliment, sont encore mal
connus. En outre, certaines étapes de fabrication alimentaire, telles que l’atomisation, peuvent
être génératrices de stress pour les bactéries et donc partiellement compromettre leur capacité
à adhérer. Dans le cas où ces bactéries seraient intégrées au sein d’une matrice adhésive, il est
également légitime de s’interroger sur les effets de cette adhésion sur la protection des bactéries
vis-à-vis du stress infligé. Une méthode de criblage haut-débit a d’abord été développée dans
l’objectif d’évaluer rapidement l’affinité adhésive d’une centaine de souches vis-à-vis d’une gamme
de biomolécules d’intérêt. Cette méthode a ensuite été appliquée à une collection de 73 souches
LAB et a permis de dégager des caractéristiques communes parmi les souches adhérentes, no-
tamment en termes de spécificité d’adhésion. Deux études (expérimentale et théorique) ont été
menées conjointement sur l’impact du stress de cisaillement sur la fonctionnalité et l’intégrité des
chaînes bactériennes. Ces études suggèrent que la rupture de chaînes bactériennes induite par
un stress mécanique serait un processus protecteur de la fonctionnalité bactérienne. Le modèle
construit prédit une régiosélectivité des dommages infligés aux cellules bactériennes en chaînes,
dont l’intensité dépendrait également de la longueur de chaîne. Appliqué aux interactions adhé-
sives bactéries-particules dans une matrice alimentaire soumise au cisaillement, le modèle suggère
un impact défavorable de cette adhésion sur les dommages infligés aux bactéries, d’autant plus
important que les particules sont de grande taille. Ce travail pluridisciplinaire apporte ainsi
plusieurs éléments-clé qui seront utiles lors la conception et production d’aliments fonctionnels
optimisés par rapport à leur action probiotique.

Mots-clés: bactéries lactiques, adhésion, aliment, cisaillement, modélisation, résistance au stress
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