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Abstract

Mycoprotein is a food ingrediecdmprising intact fungal celieh in protein and fibre
Clinical trials have shown that mycoprotein redoiood lipidsandincreas insulin sensitivity
and the protein contained within the hyphal cells is highly bioavaildidevevey the
mechanisms underlying these effects are nolyolemlerstoodT his thesis aimed tovestigate
thesimulatedligestion of mycoprotein to understangbitsteinbioaccessibility arte impact
on digestive enzymes and macronutrients involved in carbohydrate and lipid digesi
Furthermore, lie release di-glucans and minor compound®.( ergothioneine and phenolic
acids)from themycoproteincell wallsvas investigated, as well asctiienic fermentation of
mycoprotein following gastrointestimal/trodigestion

The simulated digestion afiycoproteinshowed thaproteirs werereleasd from the
fungal matriband digestive enzymes such-amylaseremainedentrgppedwithin hyphal cells
by diffusing through the cell wathich resulted inr@duced carbohydrate digest{@g%lower
with 20 mg/mL of mycoprotein compared to tbentrol pvalue < 0.001 Moreover,
mycoproteinreducedlipid digestion byoweringenzymatic lipolysi&8%lowercompared to
the control; pralue < 0.0019nd binding bile salts. Although the cell walls remained intact aft
gastrointestinal digestidinglucan$56.52+ 5.14%Wwere released from the oefils (p-value <
0.01)if mycoprotein was previously cookdbtwithstanding, the cell walls maintained their
shape, and only colonacteriadegraded its structure Byrmenting its fibre anproducing
shortchain fatty acidlinor compounds that could have played a role in promoting healtl
benefits were not detected, except for ergothioneine, which deserves future reisearch.
findings presented in this thedisscribes the behaviour ofycgrotein during simulated
gastrointestinal digestiand proposes biochemical mechanisms associated with physiologi
processes that can promote health efféngerstanding these mechanisms is esséatial

developing new products and strategies to iragroman health.



Acknowledgements

| sincerely thank my supervisors Prof Pete Wilde, Dr Fred Wabe Tim Finnigan
and Dr Cathrina Edwargfor their support and expert guidaribeoughout my PhD journey.
Our meetings have always been a moment of formation and exchange of ideas to me

During the lastt years, | had the opportunity to ledram worldHeading scientistd
the Quadram Instituté wantto acknowledge Louise Sattd Myriam Grundyor supporting
me in developing and executimgy first experiments in the land Mike Ridout for his
training and assistance in several instrumentsgrateful té\nabel MuletCaberg who has
been a constant help during my PhD inldi®andthe writing process.acknowledg&lary
Parker Kathryn Gotts and Cadtine Booth for their help and support wittifferent
microscopyechniquesl genuinely enjoyed using microscopytaadk them for winning the
engagingmagescompetitioncontest at the Norwich Research Park library in 20480
thank Natalia Pereand Peter Ryderfor their excelleh knowledgeof food science and
digestion and our exciting exchangeomhions.| acknowledge Jennifer Aldarvis and
Hannah Harris for their help imy last experiments, it wasaagagainsthe clock,but we
managed itA special thankalso gdo Mark Philo and Shika Sahdor their help with mass
spectrometryit has been a pleae sharinghis path wittother félow PhD students such as
Kathrin Haider,Petros ZafeiriouMarina Corrado Trey Koev,Ebeneer FosteNyarko,
Federico Bernuzziennifer McClureand AnnaCherta Murillo Several visitors have been
part of our lalduring these yearand | thank everyonthat | met along the way

| want to thank my friendsack in Italy foour funny callsrad moments togethgiull
of laughterFinally, last but not least, | want to thank my family mom Palma, my dad
Faustoand my brother Fabrizio for beiatyvays there for me, no matter what. It is thamk
your sacrifices thatam accomplishing this.

Thank you!



Outputs from this Project

PeerReviewedrticles

1 Colosimo, R Warren, F.J., Finnigan, T.J. and Wilde, P.J., 2020. Protein
bioaccessibility from mycoprotein hyphal structéwevitro investigation of
underlying mechanisms. Food Chemistry, 330, p.127252.

1 Colosimo, R Warren, F.J., Edwards, C.H., Finnigan, T.H ®ilde, P.J.,
2020. The interaction of-amylase with mycoprotein: Diffusion through the
fungal cell wall, enzyme entrapment, and potential physiological implication:
Food Hydrocolloids, 108, p.106018.

1 Colosimo, R MuletCabero, A.l., Warren, F.J., Edwds, C.H., Finnigan, T.J.
and Wilde, P.J., 2020. Mycoprotein ingredient structure reduces lipolysis an
binds bile salts during simulated gastrointestinal digestion. Food & Functiol
11(12), pp.108960906.

1 Colosimo, R MuletCabero, A.l,, Cross, K.LHaider, K., Edwards, C.H.,
Warren, F.J., Finnigan, T.J. and Wilde, P.J., 2p2flucan release from fungal
and plant cell walls after simulated gastrointestinal digestion. Journal
Functional Foods, 83, p.104543

1 Colosimo, R Warren, F.J.Edwards, C.H., Ryden, P., Dyer, P.S., Finnigan,
T.J. and Wilde, P.J., 2021. Comparison of the behavior of fungal and plant ce
wall during gastrointestinal digestion and resulting health effects: A revie

Trends in Food Science & Technology.

1 Colosimo, R Ahn-Jarvis, H.J., Harris, H.C., TronceRey, P.Warren, F.J.,
Edwards, C.H., Finnigan, T.J. and Wilde, P.J., 2026lonic /n wvtro

fermentation of mycoprotein (in preparation).



Oral Presentationa International Conferences:

May 2021  Virtual International Conference on Food Digestion

Oct 2021 4" Food Structure and Functionality Sympos{uiriual).

Nov 2024 7" International Conference ofood Chemistry & Technolgg

(virtual).

Nov 2021 6" InternationalConferenceon Food Structures, Digestion & Health

(virtua)

PosterPresentationa International Conferences:

Oct 2018 Bioavailability 2018 Conferend¢orwich, UK.

Apr 2019 6" International Conference on Food Digesti@manada, Spain.

AwardedPrize

Jul 2019 Winner of the emgagingmages competition of the Norwich Research

Park Image Librarwith ®@igesting Mycoprotetn

ScenceCommunicationEvents:

Oct 2019 Norwich Science Festival at the Forum, Norwich, UK. Presentation of

the winning image of theagagingmages competitiorontest.

Nov 2020 Blog writing &How mycoprotein influences digestion and promotes

healtheffectd



Table of Contents

Preface. ... ..o I
Y €11 o 1
ACKNOWIEAGEMENLS........ccceeieiiieieiceesrrmaceee s e e s s e e e e e eeesseen e e s annn s aaesaesseeeeesmmmmeesennnes Ui
Outputs from thisS PrOjeCt........cccoiviiriiiiiiiierer s sr s e e e s e e e annn s e s mmens \Y
Table of Contents...........ccoooeeiieiiicierre s mmer e e e mmmm e Y
LiSt Of FIQUIES.....ciiiceeeeiieeei s cmmme s sss s s e e s e e e e snmmee s se e e nsa s s esesssemmnnsessseennnsnns Xl
List Of TaDIES.......o et e XIX
List Of EQUALIONS.......cuuetuiieiiiiisiirrrceses s eeescsrrssrsssss s mmmss s ssesssess s s e essnnsnssnnsnssnsnes XXI
List Of ADDreVIations............eeeiiemimiiiie s e e e XXl
Chapter lintroduction & Literature REVIEW...........cceieeeeiiiiricccie i ieeerceeeessnnnsss s snmmsnnes 1
00 [ g1 (oo 18 od 1o o TP PPPPPPPPPPPRPPPP 2
1.2 Mycoprotein: Discovery, Production and Nutrition Facts............coooooeiceeiiiiiiiieneeennn, 3
1.2.1 The Origin Of MYCOPIOTEIN........ceveiiiiiiiiiiiitaeee e ieeeeeeeeeeieeaeeees b eeee e e e e e eeeeeeeeeeeennennes 4.
1.2.2 INAUSTIIAl PTrOCESS ...ceitiiiiiiiiiiiiiiieeee ettt seee e e e e e e e e e e e e s es e e e e e eeeees 5
1. 2.3 NULFEION FACES ....cciiiiiiiiiiit ittt ceet ittt e e e e e e e s nenn e e e e e e e e e e 7
1.3 Food Structure Importance: The Fungal and Plant Cell Walls................coceee oo, 10
1.3.1 The Fungal Cell Wall.............uuiiiiiiiiieeee e e 10
1.3.2The Plant Cell Wall.........coovviiiiii e eeee e e e e e e e e eemnnneenes 12
1.3.3 Comparison of Fungal and Plant Cell Walls..............ccooooiieeeiiiiiiie e 14
I o TN g F= T T DT 1T 1o T OSSP 18
1.4.1 Bioaccessibility Of NULIEILS..........oooiiiie e 19
1.4.2 Macronutrients and DIgeStiONL.........cooeee i 20
L.4.2.0 PrOEINS....eeeeiiiiee ettt e et eeee e e e e e et e e e mnnn e e e e e e s 21
1.4.2.2 CarbOnYdrateSs........couuuiiiieii it 23
O B N | ][ L PP PPPPPPPPPPI 26
1.4.2.4 Bioactive COMPONENLS.......cuvtiiiriiiiriiitaeaeeeeeeeeeeeeeeeeeeeeeesssaeeeeeeeeeeeeeeeeeeeeeeeees 29
1.5 /n Vitro Models to Explain thé? VIvoFINdiNgS...........oooiiiiiiiiii e 30
1.5.1 Simulation Methods for the Upper Gastestinal Tract..............coovvueiiiieiccceeennennnns 30
1.5.2 Simulation Methods for the Lower Gastrointestinal Tract..............ccccoeeeevvvevnnnns 32



1.6 Key Findings After Postprandial Consumption of Mycoprotein..............cccccvceeevnneen. 32

1.6.1 Protein Bioaccessibility and Bioavailability....................eeeeiiiiiiiiiiiiiiiiiiiiieee, 33
1.6.2 Effects on PeBrandial Insulin and Glucose HOmMeoStasIS.............ccooeviieeeevvnnnnnns 35
1.6.2.1Examples of Other Fungal and PiBased Foods Relation with T2D.............. 37
1.6.3 Hypocholesterolaemic EffeCtS.......cooiieiiiiiiiieee e 39
1.6.3.1 Examples of Other Fungal and PBated Foods in Relation with C\V/D........... 41
1.6.4 Impact of Colonic Fermentation on Human Health................oooviieeeeiiiinnnnn. 42
1.6.5/n Vitro Outcomes of Phenolic Compounds from Mycoprotein........................... 44
1.7 Potential Biochemical Mechanisdraderlying the Health Effects..............cccvvvviieeeen. 44
1.7.1 Nutrient BioaCCeSSIDINLY...........ooiiiiiiiiiii e 45
1.7.1.1 Cell Wall Encapsulation and TiSSUE StrUCIULE..........cooeeieiiiicciiieeee e 46
1.7.1.2 Binding and Sequestration of Digestive COmMponents..........cccccvvceeeeeneeennnn. a7
1.7.2 Increased VISCOSIty iN the GUL.......c.oooiiiiiiii e eree e 48
1.8 AIMS & ODJECHIVES. ...t e e e 49
Chapter A5eneral Materials & Methods.............eeiiiiiiiiiio e 51
2.1 MAEETIAIS. ...ttt e e 52
2.1.1 Chemical and REAGEILS. ........ceiiie et eeee 52
2.1.2 MyCOProtein SAMPLES. ......coo i e 53
2.2 MEEIDOS ...t et en e et r et e e e e e 54
2.2.1/n Vitro Simulation of Human Gastrointestinal Digestion...............cccoovveeeceeeeennnn, 54
2.2.2/n Vitro Simulation of Colonic Fermentation...................eeeeieeeeieeeeeieeiiiiiiiiiiiiieins 58
2.2.3 Protein ANAIYSIS.......ccooiiiiiiiiiii e 58
2.2.3.1 BicinchoniniC ACIA ASSAY.........ciiieeiiiiiiiieee et eeee e e e e e e eaeaes 29
2.2.3.2 Bradford ASSAY........oeeuuiuiiiieeiieiceee e e e emmm e e a e e aeeeraaan 61
2.2.3.3 SDBPAGE ... et 62
2.2.4 Carbonydrate ANGIYSIS. ... ..uuuuuuuuuiiseeeeieieieieieeieb i eeeeeeeeeseeeesbeer e e e 64
2.2.4.1 Reducing Sugar DeterminatiQrl..............uuuiieeicc e eeeeeeee e 64
2.2.4.2 AlphaAmylase ACHVILY ASSAY.......cuuuuiiiieiiieeiiiceeeiae e e e e e e ee e eeeeen s 65
2.2.4.3 Bet&@lucan Content ANAIYSIS........oiiiiiiriiee s eeeeiiii s eeee i 66

VI



2.2.5 LiIPIid ANAIYSIS.....coeiiiiiii e eeee e ennn e e e e aaarand 66

2.2.5.1 PHSTAt TECNNIQUE. ... .ueitiiiiiii s eeee et eee e eeas 67
2.2.5.2 Total Bile ACIH ASSAY........cetiiiiiiiiiiiiieeee ettt eeee e e e e e e e e e e e e e e e e eeeeees 68
2.2.6 DNA ANAIYSIS.....coiiiiiiiiii e eeee e e e e e e s ree et e e e e e et ennn e e aeeaanrand 69
2.2.6.1 Shotgun MetagenomiCs SEQUENCING.........ceururiiiiemaieeeeeeeiiiieee e e eeeeieeeeaanns 69
2.2.6.2 Microbial Community Profiling...........cooooriiimmee 70
2.2.7 MetabolOmMiIC ANGIYSIS. ... ..uuuueiiiiiiieeee e eeee e e 71
2.2.7. 1 NMR ANAIYSIS ....cooiiiiiii e eeee e e e eree e e e e e e e e et smnmm e eeeas 71
2.2.7.2 LOMS ANAIYSIS.....oeeiieiii i eeee e e e eere e e annn s 72
2.2.8 Analysis of Structural/Physical Properties. ...........uueueriiaeerieeieieeiiriiiiiiiiiiivieeee e 73
2.2.8.1 Particle Size ANAIYSIS........uuuuuuiiiiiiiieeeeieiiiiiieisiiibiee e eeee e e eeeeeeeeessnnnneennnea 73
2.2.8.2 UItrasoniCationN PrOCESS..........ccuuuriiiiiimeeiiiiiiii et e e e e 75
2.2.8.3 Rheological ANAIYSIS........coiviiiiiiii i eere e e e eeean 75
2.2.8.4 IMlICIOSCOY. s s e e e e e s s eennesebbbbss e e n e bbb mmnn s s s snnnnes 77

Chapter 3Protein Release from Mycoprotein Matrix Durifig Vitro Gastrointestinal

D] T[> (o) o PP UPPPPPR 84
0 I [ 0 oo 18 o3 1] o PP P P PP PPPPPPPPPPPPPPPNt 85
3.2 Materials & METNOGS.........uuuiiiiiiiiee e ieee e 86

32,1 MALEIIALS. ..ottt e e e e e e 36
3.2.1.1 ChemicaBnd REAGENLS........ccciiiiiiiiieiiie e 86
3.2.1.2 MyCOPIrotein SAMPIES ......oovviiiiiiiiiiiit ettt e e e e e e e e e e eeeees 87

B.2.2 MEENOGS.......ceeiiii ettt ettt meee e e e 87
3.2.2.1 Simulated Gaointestinal DIgeStiQm..............cuuuiiiiiiie e 87
3.2.2.2 Protein QUAaNtifiCAtiIONL...........uuiiiieiieeiceee e emme e e e e e e eenee 88
3.2.2.3 Structural ANAIYSIS..........coiiiiiiiiiiii e 90
3.2.24 Data ANAIYSIS ... et 91

3.3 RESUIS & DISCUSSION......ceeiiiieiiiiiiiitieeee ettt ettt eee et e et et e et et e e e e e e e e e e e e e eeees 91
3.3.1 Effect of Protein Extraction Methods and-@#&lll-DegradingEnzymes.................... 91

3.3.2 Visualisation of Mycoprotein Hyphae After Protein Extraction Methods ard/allell
DT | = Vo [T 0TS = 4] 1 0= 94



3.3.3 Effect ofnn Vitro GastrointestindDigeStion............coovvviiiiiiii i eeeaeees 96
3.3.4 Visualisation of Mycoprotein Hyphae Durind/itro Digestion.............................. 100

3.3.5 Effect of Protein Extraction Methods, @édlll-DegradingEnzymes, andin Vitro

Digestion on Protein HydrolySiS...........oouuiiiiiiii e eeee e 102
3.3.6 Effect of Protein Extraction Methods @nd/jtro Digestion on Particle Size.......... 105
G o] g od 113 [0 1S 106

Chapter 4Mycoprotein Matrix Reducef& Vitro Carbohydrate Digestion by Sequestering

AIPNEAMYIASE......cceieeeeiiiiciie e sees e e rre s 108
4.1 INETOTUCTION. ..ceeiiieiiiii ittt eme ettt e e e e e e et e e e e e menn et e e e eeeeeannannns 109
4.2 Materials & MethOUS.............uiiiiiiiii e e 110

4.2 1 MAEETIAIS. ... 110
4.2.1.1 Chemicaland REAJENIS........cccooiiiiiiiiiii e 110
4.2.1.2 Mycoprotein SampPIES........cciiiiiiiiii e et 111

4.2.2 METINOUS......ceiiiieeeii ittt e e neen e e e e e e 111
4.2.2.1 Simulated Small Intestinal DIgeStiOn..............uuueiiiieeeeieieeieieeeeeeee e 111
4.2.2.2 Kinetidn Vitro Digestion of Starch...........oooooooo e 112
4.2.2.3 The Binding of AlphAmylase by Mycoprotein...............ccooovviiieeemiiiineeeeennns 112
4.2.2.4 MiCroSCOPY ANAIYSIS.......oiiiiiiiii i ceee i e mmmm e e e e e e e e e aaees 115
4.2.2.5 DaAta ANAIYSIS ..o e 117

G B =T 118

4.3.1 Glycogen Depletion from MyCOProtein............oouuiiiiiiicce e eeenann 118

4.3.2 Inhibition of AIphaAMYIASE.......oiiiiiiiie e e 121

4.3.3 Kinetic Analyses of AlpAanylase INhibition..............ccciiiiiieee 125

4.3.4 Microscopic Visualization of Mycoprotein Interaction with Adphglase................ 127
4.3.4.1 Labelling dAlphaAmylase with FITC.............oooiiiiiie e 127
4.3.4.2 AlphaAmylase Diffusion into Mycoprotein CellS..........c..ceiiiiiiicceciniii. 129

4.4 DISCUSSION. ... it 131
4.5 CONCIUSIONS ... s 135

Chapter SMycoprotein Modulate#? Vitro Lipid Digestion by Reducing Lipase Activity and
Binding .Bi.le..Sal.t.S.A e 136

IX



LT A [0 o (8 Tox 1T o T 137

5.2 Materials & MELNOUS..........oeviiiiiiiiiiit ettt e e e 139
5.2, 1 MIETIAIS. ... e 139
5.2.1.1 Chemicals and REAJENLS..........uuiiiiiiiiiiceee e et e e e e e 139
5.2.1.2 Mycoprotein SAmMPIES...........uciiiiiiiiiiiceeeiie e a e 139
5.22 MEENOUS ... e 140
5.2.2.1 Lipolysis Analysis By Vitro Digestion Using pkbtat Method......................... 140
5.2.2.2 Simulated Gastrointestinal or Only Intestinal Digestion.................cccceeee. 141

5.2.2.3 Bile Salts Binding Experiments After Simulated Gastrointestinal Digestiorl42

5.2.2.4 Protein ANAIYSES......coo i e e 143
5.2.2.5RNe0I0GICAANGIYSIS.......coi it 145
5.22.6 Particle Size Analysis of Simulated Gastrointestinal Digestion.................. 145
5.2.2.7 Data ANalYSIS.....ccoiiiiiiii et 145

5.3 RESUILS & DISCUSSION.....cetiiiiiiiiiiiiiiiteeeeeee e ettt eeeeeeeeeeeeeasseeee e e e e e et e e et e e eeeeee e e e s s eeeeeeeeeas 146
5.3.1 Lipolysis Reduction of Emulsion in the Presence of Mycopratein..................... 146
5.3.2 Mycoprotein Binding to Bile IBa.............cooii i, 148

5.3.2.1 Extracted Mycoprotein Protein and Proteolysis Effect on Bile Salts Binding51

5.3.2.2 Characterisation of Extracted Mycoprotein Proteins with Potential Bile Salts Bindir
o 1) | PP PPPPPPPPPPPOS 152

5.3.2.3 Limiting Factors to the Bile Salts Binding by Mycoprotein..............ccc.vveeee. 156
5.3.3 Effect of Digestion Conditions on Viscosity and Particle Size of Mycaprotein..158
L o] g od 113 1o 1PN 160

Chapter 6 BetaGlucans Release from Mycoprotein Cell Walls Durifig Vitro

Gastrointestinal DIgestioN..........cooiiiieiiiiimme e rrsrs s e e e e s 162
6.1 INFOTUCTION. ...ttt eee ettt e e e e e e e e e 163
6.2 Materials & MELNOUS..........covviiiiiiiiii et 165

B.2. 1 MATEIIALS. ... 165
6.2.1.1Chamicals and REAGENTS..........coiiiiiiii i eeeeiiiiiiii s eeee bbb 165
6.2.1.2 Mycoprotein and Control Samples.........cooooiviiiiiicemeiii e 165

6.2.2 MEENOUS......e e 166



6.2.2.1 Sample Preparation............cooiiiiiiiiccee e eeme e 166

6.2.2.2 Simulated Gastrointestinal DIgeSLON...........ccovviiiiieeeiieeeee e 166
6.2.2.3 Total Bet&Blucans ANalYSIS........ ..o ereeiiiiii s eeee e 167
6.2.2.4 Protein and Reducing Sugar ANalysSiS........ccooveeiiiiiceeeiiiiiii e eeeen 170
6.2.2.5 VISCOSItY ANAIYSIS......cciieeiiiiii et erem e e e e e e e e e s anas 170
6.2.2.6 Structural Analysis by SEM MICrOSCOPY. ... ..uuuuuuuuumniiarerereeeeeeirnnneieennnnnnneas 171
6.2.2.7 DAta ANAIYSIS ... eeee e e e e 171

B.3 RESUH .....ceeeiiiiie ittt e oo e ee et e e e e mne e e e e e e 172
6.3.1 Total Bet#@lucans Retained in the Pellet After Simulated Gl Digestian............ 172

6.3.2 Analysis of Proteins and Reducing Sugars Hydrolysis After Simulated GI Digeistidn

6.3.3 Viscosity of The Supernatant After Simulated Digestion.............ccc.vveeevvvennennn. 177
6.3.4 Structural Analysis of the Pellet Before and After Simulated Gl Digestion........ 179
5.4 DISCUSSION. .....ceeiiiiiitiitte et mmei bttt ettt e e e e e e e e s err e et e et e e e e e e s emee e et e e e e e e e e e nnnnnees 182
6.5 CONCIUSIONS . ... e e ee e e e e et e bttt mmne s e s e e e e snnnnnnnnnes 185

Chapter 7 Minor Compounds Release from Mycoprotein Matrix Durifig Vitro

Gastrointestinal DIgeStiON........cccovvviiiiriiiser e s er s e e e e e e snrs e nns 187
4% N [ g oo [T i o o PSP PP P PP PPPPPPPPPPPPPIN 188
7.2 Materials & MeETNOGS. ........uueeiiiiiiii et e 189

T.2.1 MAEEIIALS. ...ceeeeeeii ettt e e e e e ee e e e r e e e e e e e e e e 189
7.2.1.1 Chemicaland REAJENIS...... ..o eerreeii e eee e 189
7.2.1.2 Mycoprotein and Control SAmMPIES...........oevvviiiiiieeeeiiiiieeeeeee e 190

T.2.2 MEENOGS.......cceiiiiiiit ettt e e e e e eeen e e e e e e e e e e e e 190
7.2.2.1 ChemiCabDBEIaCtioN..........ooiiiiiiii it ceee e e 190
7.2.2.2 Simulated Gastrointestinal DIgeSLON...........ccovviiiiieeeiieeeeeeeeeeeeeeeeeeeeee e 190
7.2.2.3 LOMS ANAIYSIS. ..o 191
7.2.2.4 Data ANAlYSIS...cceiiiiiii et rr e e e aa 192

7.3 RESUIS & DISCUSSION.....ceeieiiiiiiiiiiiiiteeee ettt ettt ettt e e e e e et e e e e e e e e e e e e e e e e e eeeens 192
7.3.1 Phenolic Acids and Ergothioneine Release After Chemical Extraction............. 192
7.3.2 Phenolic Acids and Ergothioneine Release During Simulated Gl Digestian.....194
7.4 CONCIUSIONS . ..o eee e e e e mnne e e e e e e e nnnnnnnnnes 195



Chapter 8Colonic/n Vitro Fermentation of Mycoprotein Promotes Shifts in Gut Microbiota

and ShorChain Fatty Acids Productian..............ccceiemimemeniiienninenen e eee 196
8. L INrOTUCTION. ...ttt ee et e e e e e e e e e e e 197
8.2 MaterialS & MELNOUS..........ceviiiiiiiiiiii ettt ettt e e 198

8.2. L MALEIIALS. ... e 198
8.2.1.1 Chemicaland REAgENLS............uiiii i ceee e e e 198
8.2.1.2 Mycoprotein and Control SamMPpleS........ccoieeiiiiiiieeeeiin e 199

8.2.2 MEENOUS......ie e 200
8.2.2.1 Simulatedpper Gastrointestinal DIgestion..............vviiiiimmeei e 200
8.2.2.2 Batch Coloni@? Vifro Fermentation................eevviiiiieemmmiiiiiieeeeeessiiiieemeees 201
8.2.2.3 MetabolomiC ANAIYSIS.......ccooiiiiiiii et 205
8.22.4 DNA ANAIYSIS....cceeeeiiiii et eeeme et e e e et eeer et a s e e e e e e e e mmma e e 206
8.2.2.5 MICrOSCOPY ANAIYSIS......coieeeeeeeeeee e 209
8.2.2.6 Data ANAIYSIS.....cciiiiiii it 210

8.3 RESUH & DISCUSSION.......uutiiiiiiiiieeee et eeee ettt eee et e e e e e et e 210

8.3.1 Protein and Carbohydrate Digestion in the Upper Gastrointestinal. Tract......... 210

8.3.2 MetagenOmMIC ANAIYSIS ... ..uuuuuuueiiiieeeeeeieeeieeii e eeee e eeeee e eenbeenneeeeaeas 212
8.3.2.1 Processing Metagenomics Data Quality Contral..............ooovveeeeiiiiinneennnnn, 212

8.3.2.2 Differentiation of Bacteri@bmmunities DuringColonic /n Vitro Fermentation 213

8.3.2.3 TaX0NOMIC ANAIYSIS.....cooi e 216

8.3.3 MetabolOMIC ANGIYSIS.......uuueuiiiiiiieeeee et eeee e aeas 218
8.3.3.1 ShorChain Fatty Acids (SCFA) ANalySIS.......cccooeviiiiiiiieiiniie e 218
8.3.3.2 Microbial Metabolites ANAlYSIS...........uiiiiiiiiiiceeieiee e eeeme e 219
8.3.3.3 Branche@hain Fatty Acids (BCFA) AnalysSiS.........cccooeviiiiiiccciiiieeee 221

8.3.4 Structural Changes in Mycoprotein Matrix After Colenlgiro Fermentation......... 223

8.4 CONCIUSIONS . ... e e e et e e e e e menn s e e e e e e e nnnnnnnnnes 224
Chapter SConclusions & Future Perspectives...........cceeuerriiimmerrneerererssneeeeeeesnnnns 226
9.1 General CONCIUSIONS. .......cuuiiiiiiiiiiiit ettt e e e e e ettt e et e e e e e e e e e e s e eeeeas 227
0.2 FULUIE PeISPECHIVES. ...t e e eee ettt eeem et e ettt e e e e e et eeee et e e e e e e e eeanea s e e e mmmn e eeeeeees 230
=y =T (= T L= 233



List of Figures

Figure 1.10ptical image of filamentous cells present in the MY{edient, using brightfield
MICTOSCOPY (X200 - eeeeieeiiiiie ittt eeee et e e e e e ettt ettt et e e e e e e e e e e e e et et et et e e e e e e e e e e e e e e eaaaeeeas 4.
Figure 1.2lmage of theMYC fermenters in Billingham, UK (left); a schematic representation of the
fermentation steps to produbyC (right), data source adagtfrom Whittaker, Johnson, Finnigan,

AVErY, and DYEr (2020).........uuuuuueeeettrttttaeaeeeeeeeeeeeeeeeeeasssss s aaee e e e et et e e e e e e e e e e e e ee e e anan e e e eeeeeeeeeaes 6

Figure 1.3Schematic representation of the outer layer of a gémegal cell, including cell wall and
plasma membranédapted from Vega and Kalkum (2012)............ccooiiiiiiiimmaeieeeieeieeeeeeeeee 12
Figure 1.4Schematicepresentation of the outer layer of a generic plant cell, including cell wall an
plasma membran@&dapted from Scheller and Ulvskov (201Q)..........cccoeiiiiiiiiceeriiiiieeee, 14
Figure 1.5Schematic representation of human digestion compartments, physiological conditions, a
functions according to the INFOGEST protocol (Minekus et al., 2014)..........ccccceevveeemennn... 19

Figure 1.6Schematic representation of the structural/organisational difference between plant tiss
and fungal hyphae; bioaccessibility of nutrients in plant and fungal cells. Figure source: €alosimo ¢

220 722 ) OO 20
Figure 1.7Schematic representation of peptide bond formation between two AA. In the Figure, N
terminus is the amino groups€rminus is the carboxyl group............cccooeeeiiiiicee i 21
Figure 1.8 Simplified representation of protein fate during digestion. AA: amino acids; BCFA:
brancheechain fatty aCidS..........coovuiiii i e 22

Figure 1.9Schematic representation of monosaccharides bouael|#yl,6 glycosidic bonds (left),
and b- 1,31,6 glycosidic bonds (right); and structural shape of starch (amylose and amylopecti
glycogen, adapted from Pereira, Fajardo, Valente, Rubira, and Muniz (2016) and Engelking (20:
respectively; anglglucansadapted from Kofuji et al. (2012); chemical structure of cellulose24
Figure 1.10Simplified representation of carbohydratesdistar fibre) fate during digestion. SCFA:

ShOrtChain fatty ACIAS. ......coo i 25
Figure 1.11Schematic representation of triglycerides congpofsthree fatty acids chains (right) and
a glycerol backbone (left); steroids (cholesterol in mammals, ergosterol in. fungi)............. 27
Figure 1.12Simplified representation of lipid (triacylglycerols TAG) fate during digestieDAG;2
1,2diacylglycerols; FFA: free fatty acidd/AL: 2-monoacylglycerols..............ooovvviiiiieeacnnn... 28
Figure 1.13The chemical structure of PCEKigure 1.13A as an example of a common phenolic
acid, and the AA ergothioneineigure 1.13MB..............uuuuuiiiiiiieeereeiiiiiiiie e eeeeeeeeeeeeee 29

CHARTER."?
=4

I TIATAT

Figure 2.1Freezalried MYC powder is the main sample used in the thesis experiments...53
Figure 2.2Incubator (Excella E24 incubator shaker series, New Brunswick Scientific, USA) wit
GrantBio PTR-35 rotator inside (Grant Instruments, UK)..........cooooiiiiiiiiiemieieeeecee e, 55
Figure 2.3An example of INFOGEST statio vitrodigestion with 2.5 g of starting food and the oral,
gastric, and small intestinal phases. The simulated fluids, enzymes, BS, water, NaOH and HCI w
added based on the initial quantity of the food as describdthbkus et al. (2014)................. 57
Figure 2.4Schematic representation of €A assay principle for protein determinatian......60
Figure 2.5Schematic representation of the Bradford assay principle for protein determinaéibn.
Figure 2.6Schematic representation of the SBS5E mechanism for protein hydrolysis and

molecular weight determMiNation.............coiiiiiiiiiieeee e 63

Figure 2.7.Schematic representation of the PAHBAH assay principle for reducing sugar:
Lo L=y =T 1T = L4 o T 65
Figure 2.8Spectra of absorbance and fluorescence emission of BGHPdye. Image adapted
from the manufacturer ProtOCOL.............uuu i 66

Xl



Figure 2.9.Image ofthe pHstat device KEM AF700 (Kyoto electronics, Japan) used in this
experimental tNESIS WOIK...........ouiiiiiiiiii ettt e e e e e 68
Figure 2.10Schematic representation of the basic principles of static laser light scatteringr4
Figue 2.11 Particle size analyser L3R (Beckman Coulter, USA) used in the experiments of this

L1 1T £ 74
Figure 2.12Branson Digil Sonifie? (Marshall Scientific, USA) used in the experiments of this thesis.
........................................................................................................................................ 75
Figure 2.13Advanced AR000 rheometer supplied by TA Instruments, UK........................ 77
Figure 2.14 Schematic representation of the principles of optical microscopy technique used |
brightfield (left) or efluorescence (Mght)..........covviiiiiii e 80
Figure 2.15Schematic representation of the principles of CLSM microscapy..................... 82

CHARTERAR
ST TEMNO

Figure 3.1Protein release (wt%) from the total protein of MYC samples after chemical, mechanic
and enzymatic extraction methdegure 3.1Aprotein release from MYC25 and MYC10 after 120
min of incubation (INC) with ultgaure water as@ntrol (CNT), triton X100 solution, urea solution

and application of homogenisation (INC + HOMO), glaeszds grinding (INC + GB), ulsanication

(INC + SON);threevay ANOVA, Tuk e ywalue <@.abkifure B.1Bprotdinaedetise ( p
from MYC samples after treatment with Drisdfadgmiffer (DRI) for 120 min and comparison with
incubation with ultraure water (CNT), and ultsonication plus incubation with urea solution;one
way ANOVA Tukey dsaugp<o&G0s); values with difit lettefspare statistically
][0 0 1[0 1 o | S PP PPPPPPP 93
Figure 3.2MYC hyphae visualisation after extraction metHeidsire 3.2AOptical mcrographs of
MYC25 after incubation (INC: a, b, c), incubation plus homogenisation (INC + HOMO: d, e, f), glas
bead grinding (INC + GB: g, h, i), and ultomication (INC + SON: j, k, 1) with urea solutiBigure

3.2B MYC hyphae visualisation after §&fasé buffer incubation; MYC25 and MYC10 before
(Control: a, b, ¢) and after incubation with Dris&lagaffer (MYC25: d, e, f; MYC10: g, h, i, j).
Brightfield mode with lactophenol cotton blue stain (LCB) and toluidine blue stain (TB); fluorescenc
andepHluorescence mode with calcofluor white stain + EB (CFW +.EB)............cccc.ooocee. 95
Figure 3.3Protein release from MYC samples after simulated Gl dig€btisad on the total MYC
protein content of 44% DW, Table 1.1 of Chapter 1, Section 1Eigeire 3.5Aprotein release from
MYC25, MYC25/SON, MYC10, MYC10/SON during vitrodigestion; twvavayA N OV A, Dunn ¢
post hoc test (palue < 0.05Figure 3.3Bsmall intestinal phase of MYC25 digested with pancreatin
and individual enzymes (trypsin, chymotrypsin, or trypsin + chymotrypsiRjgared3.3Cgastric

and small intestinal phases of MYCBAW-MYC25 and WRAW-MYC25, oneway ANOVA,
Dunnett ds pvaleek 0.06Figure3.80ssmall {ntpstinal phase of MYC25 with previous
gastric digestion (gastric (+)) or without (gagdridUgpaired test, (pvalue < 0.05)Statistical
signifcance levels are discussed in the texindigested sample (control without enzymes)..97
Figure 3.4Incubation of MYC25 in thebsence of enzymes, at either acidic (gastric G) or neutral
(intestinal 1) pH, which shows no significant release of protein (ns). In the graph, U represents MYC
incubated without enzyme (control), whereas G120 and 1120 are gastric and intestinas eiigbstio
enzymes after 120 min. Omeay ANOVA, Du nn e tvaldes< 0.05); ¢*t albeo<c t
0.001, ** PVAIUE < 0.00.. ..o eeee e e e e e e e e s e e e et e e e e e e e et —nnn e eaaeearaaas 99
Figure 3.50ptical micrographs of MYC25 during gastric and small intestinal phase of the simulate
Gl digestionFigure 3.5ADbrightfield mode with lactophenol cotton blue stain (LCB: a, b), toluidine
blue stain (TB: c, d) @ahepiluorescence mode with calcofluor white stain (CFW: [eigre 3.5B
fluorescence microscopy with fast green FCF (FCF: a, b), calcofluor white stain + Evans blue (CF
EB: c, d), and fluorescein isothiocyanate isomer (FITC:.€,.f).....ccoiviiiiiiiiiiieii e, 101
Figure 3.6SDSPAGE gels for protein hydrolysis analysis from MYC after extraction methods witt
urea buffer and DriseldSebuffer incubationRigure 3.64A; INC: urea buffer incubation; HOMO:
incubation with urea buffer plus homogenisation; GB: incubation with urea buffer plus glass be:

XV



grinding; SON: incubation with urea buffer plusdt@an i cat i on; DRI : Dri se
DRI25 andDRI10: Driselasé buffer incubation with MYC25 and MYC10, respectively. Simulated
Gl digestionFigure 3.6Band simulated intestinal digestion with tryf&gu¢e 3.6¢ kDa: molecular
weight in kDa; M: protein molecular weight marker; U: undigestegesaithe/n vitrodigestion;
Pepsin, Pancreatin, Trypsin: enzyme standards.............cooovuvieeeeiiiiiieeeeceies e e e eenens 103
Figure 3.7Protein release from MYC after incubation with urea buffer followed bygariation
(SON); the two bands on the left were diluted 1:10 withulte water, whereas the two bands on the
right 1:5. In the figuréDa is the molecular weight in kDM is the protein molecular weight marker.

Figure 3.8MYC particle size reduction after extraction methods and simulated Gl dideigtime.

3.8A Particle size (D4,3) of MYC25 incubated with pltn® water (INC), incubation plus

homogenisation (INC + HOMO), incuban plus glasseads grinding (INC + GB) and incubation

plus ultrasonication (INC + SONFigure 3.8BMYC25 and MYC25/SON during vitrodigestion.

One-way ANOVA, Bonferroni post hoc testplue < 0.05); values with different letters are statistically

][0 011 o%= o | OO PPPPPRP 105
CHAPTER 4

Figure 4.1Total hydrolysis of the intracellular glycogen from MYC powder (starting concentration
2.27 mg/mL) and extracted glycogen (2.27 mg/mL) during 120 min of intestinal phase of tl
INFOGEST staticin vitrodigestion with pancreatic amylase, activity 200roll (Figure 4.1A or

400 U/mL Figure 4.1B. In the graph, U represents the undigested sample with no enzymatic
digestion. Unpairedtest, (*pvalue < 0.05); **walue < 0.01; *pvalue < 0.001 are statistically
significant to the respective time point 18, 30, 60, 120 min of extracted glycogen vs U, 15, 30, 60,

120 min of glycogen from MY C)........ooviiiiiiiiiiiiii ettt e e 119
Figure 4.20ptical micrograplof rav MYC powder Figure 4.2A compared to glycogelepleted
MYC in a paleyellow COIOUIRIQUIE 4.2BB.............oooiiiiiiiiiit e 120

Figure 4.3Total starch (SA) (5 mg/mL) hydrolysis in the presence of a range of concentrations (2.t
0 20 mg/mL) of glycogen depleted MYC powder (MYagure 4.3Aor a- cellulose (CEL)Rigure

4.3B) at 2.5 or 20 mg/mL during time. Omeay A NOVA, D u ncoreparisdh sest (i | t
value < 0.05, *walue < 0.01, **pralue < 0.001 are statistically significant to the respective time
point of the control (STA =5 MG/ ML) ... 121
Figure 4.4Total starch hydrolysis in the presence of MYC, MYC plus BSA, anitdatglase in the
presence of MYC. Figure 4.4A: Total starch (STA) (5 mg/mL) hydrolysis in the presence ¢
concentrations (5, 10, 20 mg/mdf)EMP. Figure 4.4B: hydrolysis of STA (5 mg/mL) incubated with
MYC (5 mg/mL) and in the presence of concentrations (5, 10, 20 mg/mL) of BSA. Figuie- 4.4C:
amylase (%) in the supernatant after 30 min of incubation with My@av®ne ANOVA, Du
multiple comparison test (3mlue < 0.05; *walue < 0.01 ***pvalue < 0.001 are statistically
significant to the respective control (Figure 4.4A: STA = 5 mg/mL; Figure 4.4B: STA + MYC =
mg/mL; Figure 4.4C: MYC =0 mMQG/ML)...ccoiiiiii e eeeeeee e e 123
Figure 4.5Kinetic analysesidgure 4.5A MichaelisMenten plot of starch hydrolysis ratg dgainst a
range of starch (STA) concentrations (1, 2.5, 5, 1®B026hvg/mL) in the presence of 0, 5, 10, 20
mg/mL of MYC. The reaction rate(mM/min) was obtained by the slope of three (n = 3) digtinct
vitro digestions of 12 mirFigure 4.5B LineweaveBurk plot of the reciprocal of initial reaction
velocity (1) against the reciprocal of substrate (1/S) concentrations in the presence of 0, 5, 10,
mg/mL of MY C.Figure 4.5CDixon plot of the reciprocal of initial reaction velocity)(@hd Figure

4.5D) CornishBowden plot of substrate/reaction raten&gast MYC concentrations (5, 10, 20
mg/mL); STA: 1, 2.5, 5, 10, 20, 30 MQ/Mc..oiriiiieeee e erre e 125
Figure 4.6Diagram of a reversible linear mixedilifion. E: enzyme; S: substrate; I inhibitor; P:
product. MYC is the inhibitor (I) that can interact with the free enzyme (E) to form the comple:
enzyme/inhibitor (El), as well as with the enzyme/substrate complex (ES). This interaction promote

XV



decrege of \hax (maximum velocity of the enzyme) and an increase in Ks (esupsimte

dissociation constant) in the presence of an iNhibitor...............coieeeniiii e, 127
Figure 4.7 Fractions (F) and blank (B) absorbances (AU) were obtained from a PD 10 desaltir
column used for the FITC (495 nm) labellingaedmylase (285 NM)........cccoeevvvviiiiiiieeacnnnns. 127

Figure 4.8Micrographs of glycogelepleted MYC powder interacting wakamylase and starch.
Figure 4.8A CLSM of glycogedepleted MYC powder stained in biwéh calcofluor white (CFW)

and free fluorescein isothiocyanate isomer (FITC) in grégure 4.8BCLSM of glycogedepleted

MYC powder stained in blue with CFW and the FiBBelleda-amylase in green;sack analysis
ortho mode Figure 4.8Gnd4.8D:Opt i c al mi croscopy of MYC st a
min of in vitro digestion; a potential association of starch (purple) with MYC (yellow) is shown in Fig
4.8C, whilst free starch is also shown in Figure 4.8D (both 4.8C and 4.8D dhefsame sample).

Figure 4.9.CLSM of glycogedepleted MYC powder mixed with calcofluor white (blue) and
fluorescein isothiocpate isomer (green) for 30 s on a vortex mixer and washed with PBS for 5 min

Figure 5.1Volume (mL) of NaOH 0.1 M consumed during lipolyBigure 5.1A Simulated intestinal
digestion with O/W emulsion (control) or O/W emulsion plus different MYC concentrations (10, 20,
30 mg/mL). Values were corrected by control measurements; this is the same experiments without
addition of the O/W emulsiorOne.way ANOVA, Dunnett post hoc test\(plue < 0.05); *pvalue

< 0.001 are statistically significant from the coRigure 5.BTBT (control) or TBT plus MYC (30
mg/mL) digested with pancreatin for 10 min. Unpaiecets t wi t h We | octdilédgp c o
value < 0.05); **walue < 0.01 is statistically significant from the cantral....................eeee.. 146
Figure 5.2MYC and O/W incubated with simulated intestinal fluids at Oh (left) and 1 h (iylt).

is stained in blue with calcofluor white dye and O/W eonulsistained in red by Nile red dy448
Figure 5.3BS concentration (mM) measured in the supernatant after 120 min of sirnikzdgdal

(1) or 120 min of gastric plus 120 min of intestinal (G + I) digestion in the presence of 0 (control), !
20, 30 mg/mL of MYCFigure 5.3AlIntestinal digestion using pancreatin, pepsin and pancreatin for
G and I, respectivelfigure 5.3Bwihout enzymes (WO/EJigure 5.3Cintestinal digestion using
trypsin, pepsin and trypsin for G and I, respectivelym@yeANOVA, Dunnett post hoc testplue

< 0.05); *pvalue < 0.05, **walue < 0.01, **pvalue < 0.001 are statistically signifieampared to

the respective control (MYC 0 mg/mL). ns: not SIgNifiCant...............cccoeieeerrveiiieeiiiinnnnnnnnns 149
Figure 5.4BS concentration (mM) measured after &#0 of simulated intestinal (I) or 120 min of
gastric plus 120 min of intestinal (Gl) digestion in the presence of 8.8 mg/mL of EMP (whic
corresponds to the protein concentration in 20 mg/mL of MYC). In the graph, CNT is the sampl
without EMP (control)WO/E refers to EMP incubated without enzyme; TRP refers to EMP
incubated with trypsin; PEP + TRP refers to EMP incubated with pepsin and then trypsiayOne
ANOVA, Dunnett post hoc test{@mlue < 0.05); *** ralue < 0.001 is statistically signifiaampared

10 tNE CONTIOI (1) s 152
Figure 5.5SDSPAGE gelsFigure 5.5A EMP in triplicate (bands 1, 2, 3) during only intestinal
digestion (with trypsin) or Gl digestion (with pepsin + trypsin), EMP U refers to the EMP undigeste
Figure 5.5B MYC in triplicate (bands 1, 2, 3), during only intestinal digestion (with trypsin) or Gl
digestion (with pepsin + trypsin), MYC WO/E referhitoNMYC undigested. In the figure, kDa refers

to the protein molecular weight, M refers to the protein standard mark, pepsin and trypsin are t|
LT 74 =] = 1 o F= 10 P 153
Figure 5.6BS concentration (mM) measured after 120 min of simulated intestinal (I) or 120 min o
gastric plus 120 min of intestinal (GI) digestion in the presence of 30 mg/mL of MYC. In the grap
CNT is the sample cordl without MYC; TRP refers to MY C incubated with trypsin; TRPCHRIP

refers to MYC incubated with trypsin plus lipad@ase; WO/E + TRP refers to MYC incubated with

no gastric pepsin, and then trypsin; PEP + TRP refers to MYC incubated with ipe fisamdrypsin;

XVI



PEP + TRP/LIPCoLIP refers to MYC incubated with pepsin and then trypsin plus-tiphgase.
Oneway ANOVA, Dunnett post hoc testplue < 0.05); ** palue < 0.01, *** pralue < 0.001 are
statistically significant compared to theaetsge control. Unpairedte st wi t h Wel € h 0 ¢
tailed pvalue < 0.05) to compare TRP/LG®LIP to TRP, * pvalue < 0.05; WO/E + TRP to PEP +
TRP, * pvalue < 0.05; and WO/E + TRP to PEP + TRPAQBLIP, ** p-value < 0.01.......... 157
Figure 5.%iscosity and particle size analy&gure 5.7AViscosity (Pa.s) measured after 120 min of
simulated intestinal (I) or 120 min of gastric plus 120 min of intestinal (Gl) digestion in the presen
of 30 mg/mL of MYC digested without enzyme (WO/E), pancreatin, or trypsin. In the graph, SIF i
simulatedntestinal fluid (control). The gastric phase was carried out with pepsin except for WO/l
digestion.Onevay ANOVA, Tuk e walsge <p.@kcompariagcthe brdy sntestirfalpwith
tOe respective Gl digestion sample {#&ue < 0.01), and all tekeamples vs SIF (***palue < 0.001).
Figure 5.7B Particle size diameter (D4,8m) measured after Gl digestion in the presence of 30
mg/mL of MYC digested without enzymes (WO/E), pepsin plus pancreatin, or pepsin plus trypsi
One-way ANOVA, Dunnett pashoc test (walue < 0.05); ***pralue < 0.001 are statistically significant
COMPArEA tO Gl (WO/E)...cuiiiii ittt ee e e e e e e et s e e e mmm e e e eeanees 159

GHARTER 6

Figure 6.1Totalb-glucans measured in the pellet of uncookiglife 6.1Aand cookedRigure 6.1B

MYC, WBM, OAT, and BAR after simulated digestion stLJs.control gastric step (without pepsin);
1. gastric step (with pepsitJ;: control intestinal step (without pancreatin/#®);intestinal step
(with pancreatin and BS). Unpairaddt (twdailed pvalue < 0.05); ***pvalue < 0.0001, ***walue

< 0.001, **pvalue < 0.01, *palue < 0.05 are statistically significant compared to the-ghtahns
(100wt% DW) measured in thercesponding sample (MYC, WBM, OAT or BAR) before simulated
digestion; values within the same sample type annotated with different letters are statistically signi
(unpaired test, twaailed, Pvalue < 0.05)........uuuuuummiiiiieree e eeee e 174
Figure 6.2Total b-glucans measured in the pellet of uncooked OAT and uncooked BAR or cooked
MYC and cooked OAT after simulated gastric followed by intestinal diglJti€Gs| step with BS

(no pancreatinf: Gl step with pancreatin (no BS). Unpairdést (twdailed pvalue < 0.05) for
comparison with the simulated intestinal digestion of the same sample (MYC, OAT, BAR); valu
within the same sample type annotatitil adifferent letters are statistically significant.......... 175
Figure 6.3Total proteins released in the supernatant of uncodkigtie 6.3A and cookedRigure

6.3B) MYC, WBM, OAT, and BAR after simulated Gl digestion. Reducing sugars (wt% DW) releaset
in the supernatant of uncookeeigure 6.3¢ and Figure 6.3 of MYC, WBM, OAT, and BAR
simulated Gl digestioi..!["]: control GI digstion (without pancreatin and EZ)M : Gl digestion

(with pancreatin and BS). Unpairdddt (tweailed, pvalue < 0.05) for comparison of the Gl digestion
and control of uncooked and cooked samples (MYC, WBM, OAT, BAR). Statistical significance leve
are reported iN The TEXE.......oi it 176
Figure 6.4/iscosity (Log badea.s) at a shear rate of 15 1/s measured in the supernatant of uncooke
(Figure 6.4A and cookedRigure 6.4BMYC, WBM, OAT, and BAR after simulated digesti.1:
control gastric step (without peps..); gastric step (with pepsks; control intestinadtep (without
pancreatin and BIM : intestinal step (with pancreatin and &%) simulated intestinal fluid control
(SIF). Unpaired-test (tweailed pvalue < 0.05); values with different letters are statistically significar
when comparing between tket of samples or gastrointestinal digestion and control. Statistica

significance vs SIF is reported in the LeXL...........cooiiiiiceee e 178
Figure 6.5SEM analysis of uncookeBigure 6.5A and cookedRigure 6.5B MYC, white button
WBM, OAT, and BAR before and after simulated Gl digestion................ccovvvvveeeriiennennnn. 181

CHARTERR

I T ETRNV

Figure 8.1Quality control and filtering contaminants using KneadData (Biobakery/KneadData,
Accessed: 10/11/2021). The plot shows the mean number of reads removed for samples treated w
each substrate and the number of reads retained for downstream analysisateneadMsed for

XVII



quality control (trim adaptor sequences, remove low quality and short reads), and removi
contaminant reads and repetitive SEQUENCES. ..........viiiiiiiisaa e ee e 213

Figure 8.2MDS plot from the taxonomic composition estimated by MetaPhlAn, where the samples
are grouped for time points (0, 4, 8, 24, 48, 72 h) of colomitranfermentation oMYC (--at 72

h), OAT (--at 72 h), and CKN-€at 72 N).ovvvviiiieiiiiieeeiiiceee e e e e e e e 214

Figure 8.3MDS plot of the microbial populath grouped for donors (n = 6) of colonic in vitro

fermentation oMYC (@ and--), OAT (A and--), and CKN @ and--).......ccoovvcrrrvvcrrrrrenn, 215

Figure 8.4Relative abundance for the 10 most abundant species developing from CNT, MYC,
OAT, and CKN during colonic in vitro fermentation (0, 4, 8, 24, 58,72&h)....................... 216

Figure 8.55CFA Figure 8.5AacetateFigure 8.5Bpropionate Figure 8.5Cbutyrate) measured by

NMR from CNT ©) , MYC @), OAT (A), and CKN 0) during 72 h of in vitro colonic
fermentationOneway ANOVA, Dunnett post hoc test\(plue < 0.05); *galue < 0.05, ** walue

< 0.01, ** pvalue < 0.001 are statistically significant compared to theL@Ndrs are usetb

report statistical differences within the substrates (e.g., MYC vs OAT, MYC vs CKN, OAT vs CKN).

Figure 8.6Microbial metaboliteFigure 8.6Alactate Figure 8.6Bformatefigure 8.6Cvalerate;

Figure 8.6D ethanol) measured by NMR from CIJY, MYC @), OAT (A), and CKN 6>)

during 72 h of in vitro colonic fermentatiddne-way ANOVA, Dunnett post hoc tegivalue <

0.05); * pvalue < 0.05, ** walue < 0.01, *** gralue < 0.001 are statistically significant compared
to the CNT.Letters are used to report statistical differences within the substrates (e.g., MYC vs OAT
MYC VS CKN, OAT VS CKN ).ttt ettt eeee ettt seeem e e e e s e e e e e 220

Figure 8.7BCFA (Figure 8.7Aisovaleratdzigure 8.7Bisobutyrate) measured by NMR from CNT

©) , MmYC @), OAT (A), and CKN 6>) during 72 h of in vitro colonic fermentati@ne-way
ANOVA, Dunnett post hoc test {alue < 0.05); *palue < 0.05, ** walue < 0.01, *** gralue <
0.001 are statistically significant compared to the QMiers are used to report statistical
differences within the substrates (e.g., MYC vs OAT, MYC vs CKN, OAT vs CKN).......222
Figure 8.80ptical microscopy in efiiuorescence (witBFW) of MYC at 0, 4, 8, 24, 48, and 72 h
(o1 I Ta Vi 1ol olo] (o] g1 o {=T ¢ o L= 1 > i) 224

XVII



List of Tables

CHARTERA
OT I TT=T\VL

Table 1.INutritional composition of MYC ingredient on a DW basi&4wData source adapted from

Mycoprotein.org (Accessed: 01/02/2020)..........uuiiiiiiiiicee e eemm e e 7.
Table 1.2 PDCAAS of selected food proteins. Data source addpim Mycoprotein.org (Accessed:
O 02 20 2 0 ) PSP UUUUURURI 8

Table 1.3 Micronutrient composition of MYC. Data source adapted fvtymoprotein.org (Accessed:
01/02/2020). %ercentage (%) Recommended Daily Allowance (RDA) values taken from the Nation.

Health Service (NHS) guidelin@sccessedg 27/03/2022).........ccovvuuiiiiiiiie e 9
Table 1.4 Comparison of general biological characteristics of fungus and plant kingdoms (exceptic
exist). Adapted from Deacon (2013)........ciieeiiiiiiiii e e 15

CHARTER.D
OT I 1TIE=T A

Table 2.1.Volume (mL) of each electrolyte solution that was included in 800 mL of concentratec
simulated fluid (1.25x) for each digestion phase (e.qg., simulated salivary fluid (SSF), simulated g:
fluid (SGF) and simuladentestinal fluid (SIF)Pata from Minekus et al. (2014)..................... 54

Table 2.2List of microscopy dyes with (acronyms), application, and staining properties. IN the tabl
B: Brightfield; EF: Epiluorescence wit®lympus BX60 nicroscope; *EF: Efiuorescence with

Zeiss Axio imager M2 fluorescence microsc@ieSM: Confocal...........coovvieiiiiiiiicceiciiiinnnnn. 79
f‘LIAD'I'I:R 3

A2 Bk 7 an\ pimn i ==

Table 3.1.Composition of the chemical buffers used for protein extraction......................... 89
CHARTER A

A= B 7 a0\ B b =) B o

Table 4.1 Average + standard error of apparentdnd K, obtained from Michaelislenten plot

after kinetic digestion of 5 mg/mL of stam the presence of 0, 5, 10, 20 mg/mL of MYC....126

Table 4.2 Protein concentration and moles dye per mole protein value dflTi@a-amylase

172 o1 110 1= 128
r‘LII\DTED 5

A IV m\

Table 5.1.List of EMP quantified by LMS/MS and identified in the UniProt database from
Fusarium venenatumganism with molecular weight > 37 kDa. In the Tablefeksto EMP digested

with trypsin, B refers to EMP digested with pepsin + trypsin. Unp&iredstt  wi t h  We | c |
(twotailed pvalue < 0.05); No statistically significant differences found in the same protein betweer

and B. Values represeneth aver age N SD of 3 r e.pl.i.c.at.B55 un
CHARTER

T IS 17T\

Table 6.1.Protein and carbohydrate contentiatal weight percesge (wt%) from the whole tested
samples on a dry weight basis (DWhformation available online at Mycoprotein.org (Accessed:
01/02/2020)? Information provided by the manufacturer on a wet weight basis and converted in DV
after gravimetric analysis by removing the water via-drgewe process,Information provided by

L0 0T a0 = Lo (1 =T U 166

Table 6.2.Total b-glucarcontent of tested (uncooked and cooked) mycoprotein (MYC), white button
mushroom (WBM), oat (OAT), and barley (BAR) before simulated Gl digestidotah veight
percentage (wt%) on a DW badispaired #est (twdailed pvalue < 0.05) comparing the respective

uncooked sample vs the cooked; values with different letters are statistically significant.172
CI_I A DTI:D 7

L 7 n \ g |

Table 7.1 Concentrations of ergothioneine (ERG), protocatechuic acid (PCA), and coumaric aci
(COU) after chemical extraction from samples. Concentrations are expreaggdaSD. n/d is not

XIX



detectedUnpaired ttest(twotailed, pvalue < 0.05); statistically significant comparisons are describe
1 1 = = PR 193

Table 7.2 Release of ERG aftsimulated Gl digestion. Control gastric is the digestion without
enzymes and BS; gastric is 2 h of gastric digestion with pepsin; control intestinal is the digestion wi
enzymes and BS; intestinal is 2 h of gastric followed by 2 h of intestinahdi@estentrations are
expressed agy/g + SDUnpaired ttest (twdailed, pvalue < 0.05); statistically significant comparisons

=Tl LI €] o 1= BT I £ [T (S SR TP 195

CHARTER.Q
ST 1T1T=TC0O

Table 8.1List of mineral salts used for the trace mineral solution prepared in 0.02 M HCI, made uj
t0 500 ML Of URF@DUIE WALE......uue e e e e e ern e e e e e e e e et e e e e e e 202

Table 8.2. List of mineral salts (left) used for the trace mineral solution prepared in 0.02 M HCI,
making it up to 500 mL of ulture water, and fatty acids (right) used for the trace mineral solution

prepared in 200 ML 0f 0.2 M NAOH..........cooiiiiii e e 203
Table 8.3.List of vitamins used for the vitamin solution prepared in 500 mL with 27.35 g KH2PO4.
...................................................................................................................................... 204

Table 8.4.Total protein, reducing sugars abdjlucans from the whole respective sample (wt%)
remaining in the substrates pellet (MYC, OAT, and CKN) aftemlated upper Gl digestion and
before inoculation in the colonic batch fermentation. n/d: not detected; n/a: not applicab&l1

XX



List of Equations

CHADTER D
OT I TV

Equation 2.1Equation of the reaction of BStime presence of ThieNAD that are converted into 3
ketosteroids and ThilADH (> 0.1 mM) by the enzyme& hydroxysteroid dehydrogenasea¢3

HSD, > 2 KU/L) vttt ettt e e e e e e eee e e e e e e e e e e e s be et e e mmmnsesseeeeaaeaeeeaeeannnns 68
Equation 2.2Equation of the reaction happening wheée®steroids are in the presence of NADH
(> 0.1 mM) and are converted again into BS and NAD&#ASD...........ccccoooviiiiiiiiiiceeeiiiiis 69

Equation 2.3Equation of viscositg) as a function of the shear stress divided by the strain 7éte.
CHARTER A

A IV Tkl \'"T

Equation 4 1MichaelisMenten @qUAatioN................cuiiiiiiiiiiieee e eeee e 114
Equation 4.2LineweaveBurk plot @quation............coooeiiiiiiiiiicccc e 114
Equation 4.3Mixed reversible inhibition of an enzyme equation..............cccccoovieeeeiiiennnnne 114
Equation 4.4The equation to calculate protein concentration after enzymatic labelling with FITC
...................................................................................................................................... 116
Equation 4.5The equation to calculate moles dye per mole protein after enzymatic labelling wit
I USSP 116

GHAPTER 6

Equation 6.1The equation for the totél-glucans (wt%), based on the togucan content measured
before digestion in @ach SAMPIE............ooiiiiiiiiii e 169

XXI



List of Abbreviations

AA
BAEE
BAR
BCA
BCFA
BS
BSA
CFW

Cl195%

CKN
CLSM
CNT
cou
CVD
DF
DIAAS
DNA
DW
DRI
Da,3
EB
EMP
ERG
FCF

FCW

Amino Acids

N-BenzoylL -TyrosineEthyl Ester
Barley Bran

Bicinchoninic Acid Assay
BranchedChain Fatty Acids
Bile Salts

Bovine Serum Albumin
Calcofluomwhite

Confidence Interval &5%

Chicken
ConfocalLaserScanningMicroscopy
Control

Coumaric Acid

Cardiovascular Disease

Dietary Fibre

Digestibé Indispensable Amino Acid Score
Deoxyribonucleic Acid

Dry Weight

Driselas&

Volume equivalergphere diametanean
Evans Blue

Extracted Mycoprotein Proteins
Ergothioneine

Fast GreerCF

Fungal Cell Wall

XXl



FFA

FITC

GB

Gl

GIT

GOPOD

HDL

HOMO

INC

LCB

LC-MS

LDL

MDS

MLK

MYC

NMR

OAT

OPLSDA

O/W

PAHBAH

PBS

PCA

PCR

PCW

PDCAAS

Free Fatty Acids

Fluorescein Isothiocyanate Isonher
Glass Beads

Gastrointestinal

Gastrointestinal Tract
GlucoseOxidase/Peroxidadeeagent
HighDensity Lipoprotein
Homogenisation

Inhibitor

Incubation

LactophenolCotton Blue

Liquid Chromatographiylass Spectromstr
Low-Density Lipoprotein
Multidimensional Scaling

Milk

Mycoprotein
ProtonNuclearMagnetidResonance
Oat Bran

Orthogonal Projectioto Latent Structurediscriminant Analysis
Oil in Water

p-Hydroxybenzoiécid Hydrazide
Phosphatduffered Saline
Protocatechuic Acid

Polymerase Chain Reaction

Plant Cell Wall

Protein DigestibilitCorrected Amino Acid Score

XXI



PCW

RAW-MYC

RHM

RNA

SCFA

SD

SDSPAGE

SEM

SGF

SIF

SON

SSF

STA

TAME

B

TBT

TNB

T2D

UV/Vis

WBM

WO/E

WPI

Plant Cell Wall

Rawv Mycoprotein(BeforeRNA Depletior)
Ranks Hovis McDougall

Ribonucleic Acid

ShortChain Fatty Acids

Standard Deviation

Sodium Dodecyl Sulphate Polyacrylamide Gel
Scanning Electronic Microscopy
Simulated Intestinal Fluid
Simulatedntestinal Fluid

Sonication

Simulated Salivary Fluid

Starch

p-T olueneSulfonyH_-ArginineMethylEster
Toluidine Blue

Tributyrin

5-Thio-2-NitrobenzoicAcid

Type2 Diabetes

Ultraviolet/visible

White Button Mushroom

Without Enzymes

Whey Protein Isolate

XXIV



Chater 1: Introduction & Literature Review

Chapterl

Introduction & Literature Review

1| Page



Chater 1: Introduction & Literature Review

1.1 Introduction

An increasing body of evidence fremv/vostudiedinks the food structure and effects
of dietary fibre (DF) during digestion on human he8itittriss & Stokes, 2008; Fardet, 2010)
However,/n vivostudiegend tolack a deep understanding of the biochehmeachanisms
underlying the effects. Hence, the mechanisms underpinning biotegpahseshat can
enhance human health are not entirely understood. The plant c€P@@ll) is a source of
DF thathas gained much attention in the last de¢caddshee is a considerable contribution
of studies showing its health effects and importance djastigpintesting|Gl) digestion
(Dreher, 2018; Klementova et al., 2019; Threapleton et al.,. Zdlarly, the consumption
of fungi has been assateid with health effec{im et al., 2019; Wu & Xu, 2015)
Nonetheless, the fungal cell wall (FCW)pdessome similarities with the plant counterpart,
differs in the structural organisati®@e¢tionl.3.1), and its behaviour and fate during human
digestion are still poorly understood.

Accordingly, his thesisliterature reviewvill focus on mycoprotei(MYC) asa fungal
ingredientthat retains itdilamentousand cellular structuréhat isa source of DF and an
alternative to plafitasedngredientsAs the name might sugges¥ C is not simply a fungal
protein extract but comprises intact, filamentous cellsadhtatbute tolie textureof the final
products(QuornE ). It is, therefore an ideal fungal sample to study since its structure is well
defined by filamentous cells. Furthermore, the findings of clinical trials over the years provi
consistent evidence of the health benefits BI¥6E consumption that requires a more in
depth irvestigation regarding the biochemical mechanisms that trigger them.

The origin, industrial processirand nutritional facts &YC are discussed (Section 1.2)
before discussing the importance of the food stryactitte particular attention to the FCW
and its comparison with PCW (Section 18h overview ohuman digestion iseviewed

(Section 1.4)0 highlight the digestive apparatus efficiency in breaking down food to obta

2|Page



Chater 1: Introduction & Literature Review

nutrients and, therefore, energy. Tdigestion and fatef macronutrientsud asproteirs,
carbohydrate(including DF), and lipids ithe gastrointestinal tra®1T), as well as minor
compounds i(e., phenolicacidsand ergothioneine)is discussedsince their release or
digestionin the presence oMYC is investigatedn detail in thefollowing chapters.
Furthermore, then vitroapproach is discussed in tbipter (Section 1.8f a crucial tool

to understand the underlying mechanisms of the health effects obseiwadi/bgtudies.

The key findings othe /n vivostudies on human health after consumptioMMdiC are
discussed (Section 1.6). These findings are examined and compared to studies on other fu
and plant samples, which are crucial for developing the hypotheses of this thesis ¢
understanding the biochemical mechanisms of M¥@ can trigger healtHfects.Finally,

the potential mechanisms (Section 1.7) underlying the health effects promdBdCby

consumptiorare discussed to introduce #ies and objectives of this th€Sisction 1.8)

1.2 Mycoprotein: Discovery, Production and Nutrition Facts

As mentioned abovéMYC is a foodingredientused in meat replacemengsoducts
marketed aQuornE . MYC is produced by the fermentation of the filamentous fungus
Fusarium venenatufhTCC PTA-2684)from the Ascomycotalivision(Denny, Aisbitt, &
Lunn, 2008)

As flamentoudungigrow theydeveloplong hyphaehatarefilamentous structureékat
formamycelium(Carlile, 1995MY C-based products are processed in such a way to preservi
the mycelial structuf€igure 1.1)containingntact cellshatresemble theroteinfibrils found
in meattissue This allows the products to make an excelesat replacement from a

sustainable protein sour@f@nnigan, Needham, & Abbott, 2017)
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Figure 1.1 Optical image of filamentous cells present inNRéC ingredient, using brightfield
microscopy (x20).

1.2.1 The Origin of Mycoprotein

During the 19603t was predicted that an increasthaworld populatiomvould have
put pressure on the food chain supply and increased the possibility of malnutriteoninad
(Lam, 2011) Therefore, theRanks Hovis McDougall (RHM) Research Censtarted
investigating method taonvertcarbohydrates fromstarch into protetich food for human
consumption This led to discovering tHgamentous fungususarium venenatum a soil
sample in 19671t was selected from hundreds of thousandsiofo-organismghat were
testedfrom soil samplesll around the world The filamentousfunguswas discovered in
Marlow, UK, and it was initially misidentified Agsarium graminearynout now has been
reclassified asFusarium venenatumfATCC PTA-2684. After a 10year evaluation
progranme, the RHM obtainedpermission to seMYC for human consumptiom 1985

(Whittaker, Johnson, Finnigan, Avery, & Dyer, 20@0)vever, the rising global population
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and increased demand for meat protein are still putting enormous pressure on the food sup
chain (Kummu et al., 2017). ThidY C represents a viable and sustainable alternative with &
much smaller carbon footprint thheef (Finnigan 201MlowadaysVYC forms the basis of
all QuorrE products sold in the UK, several countries in Europe, the, @Sd\ Australia

(Finnigan, Needham, & Abbott, 2017)

1.2.2 Industrial Process

MYC is produced by continuous fermentation of the filamentous fubgseium
venenatunn 40metrehigh fermenters (Rige 1.2). After thesterilisation of theermenterto
avoid the concomitant growth of undesired microorgaygsghscosévater solution iadded
as a carborsource which isa medium that permits the movement of the hyphae. The
fermentation incorporates a continuous feed of nutrients, including microelements such
biotin, potassium, magnesiunphosphate,and ammonia as aitrogen source The
microorganism uses the nutrients to grand the increasethiomasss removed from the
fermenter ever§to 6 h. The harvestetliomasss presented as a doutjlat isheated>68
for 300 45 min to activate nuclease enzynoe®duce the RNA conterfvard, 1998¥rom
10% to 2% (dry weigf@DW)). This step is performedtcomply with thaNorld Health
Organizatiomecommendationt reduce serum uric acid concentratioat is a predictor of
gout (Edozien, Udo, Young, & Scrimshaw, 1970; Waslien, Calloway, & Margen, 1968
Afterwardsthe biomasss rapidlyheated at 90 by injecting steam at 170beforebeing
transfered to thecentrifuges whergvaterandthe mononucleotides releaséom the RNA
heating removal stepediscardedFinally thebiomass ighilled The latter is a critical step
because it helps form ice crystals that pustiibres together, creating fibrous bundles that

giveMYC its meatike textureThe product at this stage is calédC.
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During this thesis, twWwdYC samples at different stages of the industrial praszss
analysedMYC harveste@ndheated at 68 , chilled and freezéried without the addition
of any other ingredients is referred toM¥C, and it is presented as a yellow powder.
However, the heat treatment and chill process may affect the mingsitoal properties of
MYC. Therefore,a rawMYC paste without the heat treatmentd&8 (RAW-MYC) was
also used to assess whether there was a differenceutrigrgreleaséetweerRAW-MYC
(without heatingdndMYC (with heating)t is important to note that tHdYC used in this
thesis does not involve the addition of any other ingredients.

The step to produce the c o MYCwitch ptlaet C
ingredients such as eggs to bind the mix and seagonigan formulation also uses potato
protein as @inder instead of egg album@viycoprotein.org, Accessed: 01/02/20d0)e

MYCused for pr oi$choppedgntoQafimal defired shaped it is then

weighed and packed

Vat Fermentation
CO2

O2 - ~—Riser

RNA Reduction
Downcomer— vessel

Chilling

| b £ " .
I|NH4 | [ II[ %I Mycoprotein
Glucose, air 1. Chillers

biotin, — L ] | l

mineral salts ] Centrifuges
m ~ Steam (170°C) ¢

Heat Exchanger

Figure 12. Image of theMY C fermentersn Billingham, UK(left); a schematic representation of the
fermentation steps to produb&Y C (right), data source adapted fravhittaker, Johnson, Finnigan,
Avery, and Dyer (2020)
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1.2.3 Nutrition Facts

Overall,MYC is considered a goosburce of proteifiDunlop et al., 2017; Solomons,
1987)and contains no trans fats or cholesterol, but soméproducts(QuornE ) may
containminimd amounts of cholesterol due to the egg albumen used during the industri
process to allow the formation of a textireilar to meat. The nutritional composition of
MYC per 100 g on ®W basis is listed in Tablell.

MYC isa rich source dDF, accountig for 24wt% DW, of which 35%is polymeric n
acetyl glucosamine (chitiapd 65%s1,31,6b-glucanDenny, Aisbitt, & Lunn, 2008)hese
fibres are the main componentstod tell wallDF isclassified as an indigestible carbohydrate
for human digestive enzym@3hingra, Michael, Rajput, & Patil, 201B8)presenting a
significant and complex component that defines the cellular structucaratwhtrol the

release of nutriga from the intracellular compartments.

Tablel1.1Nutritional composition df1YC ingredienbn aDW basis (v6). Data source adapted from
Mycoprotein.org (Accessed: 01/02/2020)

Nutrient Amount (W DW)
Protein 44
Carbohydratéglycogen) 10
of which sugars 2
Dietary fibre 24
1,31,6b- glucans 16
Fat 12
of which Saturates 2.8
of which Moneunsaturated 2
of which Polyunsaturated 7.2
Polyunsaturateda- 3 Linolenic acid) 1.6

7| Page



Chater 1: Introduction & Literature Review

Early studies measd the nutritional valuef MYC, reporting itas a tolerable and
nutritious food with &aigh net protein utilisatiofydall, Lo, Young, & Scrimshaw, 198#)e
digestibility valuef proteinwas around 78% compared to 98%mniilk. The lower value was
justified by the presence fibrous urdigestible celvallsthat prevented the digestion of
proteins and the digestibility was comparable to other micrebé&ilyed foodgKharatyan,
1978) Furthermore the protein qualitpf MYC wasmeasured byhe protein digestibility
corrected amino acitore (PDCAAS|Table 12) using ileostomy volunteers and resulted in
a score of 0.99@dwards & Cummings, 2010his is very close to the maximum score of
1.0 achieved bgasein, albumerchicken (lighineat roasted), amsignificantly higher than
turkey (groundtooked), fish (codry cooked), soybean proteingdf and pea flour
Furthermore the scorefor somecommercialQuornE productsreacles 1.0 due to the

addtion of eggalbumen.

Table 12. PDCAAS of selected food proteins. Data source adagtedycoprotein.org (Accessed:
01/02/2020)

Protein Source PDCAAS
Quorn™ pieces 1.0
Casein 1.0
Albumen 1.0
Chicken (light meabasted) 1.0
Mycoprotein 0.99
Turkey (ground cooked) 0.97
Fish (Coddry cooked) 0.96
Soybean protein 0.94
Beef 0.92
Pea flour 0.69

8| Page



Chater 1: Introduction & Literature Review

The micronutrient profile oMYC comprises low amount ofsodium(5 mg of sodium per
100 g and some trace elementdYC has a higher amount of zinc than medtereas the
iron level is lower thared meatput the latteris comparable to poultrgDenny, Aisbitt, &
Lunn, 2008) AlthoughvitaminB12 is not presentMYC is a good source of hydsoluble

vitamins of group B (Table3).

Table 13. Micronutrient composition oMMYC. Data source adapted ino Mycoprotein.org
(Accessed: 01/02/202@ercentage (®Recommended Daily AllowandedA) values taken from the
National Health Service (NHS) guidelii$lS, Accessed 27/03/2022)

_ _ Amount %RDA per | % RDA per 10@

Micronutrients
per 100g | 100gfor men for women
Magnesium (mg) 45 15 16.66
Zinc (mg) 9 94 128
5.7 3.37 @ged 1950)
Iron (mQ) 0.5
5.7 (aged over 5(C

Potassium (mg) 100 2.8 2.8
Vitamin B1 Thiamine (mg) 0.01 1 1.25
Vitamin B2 Riboflavin (mg) 0.23 17 21
Vitamin B3 Niacin (mg) 0.35 2 2.6

. ) . . No amount has been set in the UK for hi
Vitamin B5 Pantothenic acid (m¢ 0.25 o

much pantothenic acid you need
Vitamin B7Biotin (mg) 0.02 1.4 1.66
Phosphorus (mg) 260 47 47
Copper (mg) 0.5 41 41
No amount has been set in the IJXou
Manganese (mg) 6 should be able to get all the mangane
you need from your daily diet.

Selenium1fy) 20 26 33
Chromium (rg) 15 60 60
Sodium (mg) 5 0.2 0.2
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1.3 Food Structure Importance: The Fungal and Plant Cell Walls

Food is more than the sum of its paBs.often foods have been considered for their
micro or macronutrientcompositionn terms ofnutritional properties ankiiological effects.
However, the food structure (or matrixgy@ningnore attention for its rol@ digestion and
modulation of subsequent physiological respofisa&sdin, Golding, & Wooster, 2008;
Mackie, 2017; McClements, Decker, Park, & Weiss, 2008; {@aletro, Mackie, Brodkorb,
& Wilde, 2020) Food structure can be modifiday food processinguch asthermal
processingextrusion fermentation, homogenisation, dryamgimilling. These processesan
enhancehe bioaccessibilitgnd digestibilitpf nutrient§ Grundy, Wilde, Butterworth, Gray,
& Ellis, 2015; LatundPada et al., 2014; Mul&tabero, Mackie, Wilde, Fenelon, &
Brodkorb, 2019rs well aseduce the nutrition quality of micronutrie(@ghbaei & Prakash,
2016) The cell wall is an example of a food structure in plants and fungi on a microscop
level. The cell wall ia polymeric structure, mainly composed of cellulose in plants-and
glucans and chitin in fun@dang et al., 2018; Keegstra, 20E@m a nutritional viewpoint,
the cell waltan beconsidered the primary source of DF and can alewigra physical
barrie that controls théioaccessibilitgf nutrientswithin the plantandfungal cells. DF is
classified as a carbohydrate indigestible to hudigEstiveenzyme (Dhingra, Michael,
Rajput, & Patil, 2012)ndeed, he monosaccharides of Ddfe often connected by -inks
which human enzymesannot hydrolyse; DF also comprises natigestible | Hdinked

polysaccharides suakthe pectin rhamnogalacturonar(sémaire et al., 2020)

1.3.1 The FungalCell Wall

The FCW can bepresent iradietwithinedible mushrooms, the spdoearing fruiting
bodies of flamentous fun@heung, 2013Jungi can be multicellat organisms orgaad

as hypha¢hat are multipleepeateccells to form branching structures, wheompose the
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mycelium or unicellular organisms such as ye@&isanjoOrtiz & Gabaldn, 2020) The

latter is mainly used for fermentation processes such as bread baking and beverages bre
(e.g., beer, wine, kombucliReed, 2012)n the same way, flamentous fungi can be used for
fermentation purposes (e.g., kegesAspergillus oryzatempehusesRhizopus oligosporus
mould-ripened cheesesse Penicilliumcamemberor roqueforl). Fungican also be used in
association with yeasts (e.g., cured ncaatsiseDebaryomyces hanserand Penicillium
speciessake or rice winasesAspergillus oryzaand Streptomyces cerevisigbaoyu (soy
sauceusesAspergillus oryzae or sejélansenulaspeciesand Zygosaccharomyce rolyxii
(Venturini Copetti, 2019Another way to consume filamentous fungi is represenidd Gy
which is not a mushroom, but the fermented mycelial biomass of the filamentous fung
Fusarium venenatufdTCC PTA-2684)from the Ascomycotdivision.

According to the growth stagee FCW organization can vary between spéGiew,
Latge, & Munro, 2017Moreover,the cell walls of the fruiting bodiesid to havéiigher
glucancontentthan myceé (McCleary & Draga, 2018ndeed, Bak, Park, Park, and Ka
(2014)showed that different sections of the fruiting bodiéenfinula edodediffer in the

b-glucan content. The stipe, which is the stem that supports the cap (pileus), showed

highesb-glucan content comparé¢a the mycelium. Unlike the differences betwtecap
and stipe of mushroomBlYC is likely to be compositionally more unifodmeto itssingle
cell orgarsaion in thehyphal matrix.

A generascheme of the FCW is representedrigurel.3 which considers filamentous
fungi. To note that theepresentatiowill vary depending on the growthge and specjesd
exceptions exishe FCW is a biological envelope whose organization changes betwee
different fungal phyla. However, the core skeletal components of the cell Wwalluaans
Glucans witlp -1-3 linksarethe most abundant, which accountdmund 6590% of theDW

of the cell wall whereas the remainin@ercentagecomprisesa-glucans, -1-6-glucans,
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mannoproteinsand chitin(Bowman & Free, 2006; Riterrera & OrtizCastellanos, 2019)
Kang et al. (2018)fered a subdivision of ti&CW into three main layergl)The inner layer
is hydrophobic and rigid andainly composed gf-glucan and chitjn2) themiddle inner
layer is hydrated and mabdnd composed di-glucansand(3) theouter layers composed
of glycoprotein and-glucais, whichis hydrated and highly mobil€he cell wallmayalso
comprise various glycoprote(e.g. mannoprotein), melanin, lipids, and polyuronifi@sw,

Latge, & Munro, 2017)

Plasma membrane protein B-1,3 glucans Chitin Alpha-glucans

3 e | | @ ) _—

Mannoprotein B-1,6 glucans Ergosterol

Figure 13. Schematic representation of the outer layer of a generic fungaticeling cell wallral
plasma membranddapted fromVega and Kalkum (2012)

1.3.2 The PlantCell Wall

The PCW can bepart of the human dien different formsvegetables, legumésits,
nuts, seedsnd cereals. Plants are the principal component of diets known for their healt
benefits (e.g., Mediterranean diefMartinezGonzalez, Gea, & Ruzanela, 2019)
Compared to fungihere is a higher consumptionpbénts and, consequentiyeir cdl walk,

whichhas led to extensive and accurate investigafidhe health effects and mechanisms
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mediated by pladtased foods. Conversely, the effects and mechanisms by which fung
products and FCW can improve human health require more investigation.

A schematicepresentation of the PCV¥ illustrated irFigurel.4 To note that the
representation will vary depending on the spemesexceptions exif8CW can be generally
described as an envelope composed of a skeletal core of cellulose (unbranched &nd linee
1-4 D-glucose units) that is combined with a hydwgéednatrix comprising range of
polysaccharidedepending on plant speci@sg., pectin andemicelluloses such as mixed
linkageb-glucans composeaf linked glucosyl residues). The middle lamella is a pachin
layer thatlinks two plant cells together (Jarvis, Briggs, & Knox, 2003). The structure an
composition othe primaryPCW vay accodingto the plant species, cell types of the same
plant specigesand growth stag€Yokoyama, 2020)Other minor components such as
glycoproteins, phenolic acids, minerals and lignin contribute to completing the PCV
(Holland, Ryden, Edwards, & Grundy, 2P20

Furthermore two main primary PCW types have been described. Legumes and othe
dicotyledonous plant seeds have Tlypemary cell walls rich in pectic polysaccharides and
xyloglucansConverselycereals and other monocotyledonous graawve Type Il cell walls
which tend to be lower in pectin but rich in arabinoxylans and timkade 13, 14 b-D-
glucans(Waldron, Parker, & Smith, 20Q3This different structureean affect nutrient
digestion. Indeeda recent studyomparingchickpea (type 1) and durum wheat (type Il)
tissues revealed differaigestibility profiledue to diffeences in theell walproperties, such
as permeabilittedwards, Ryden, Mandalari, Butterworth, & Ellis, 2021)

Moreover some plant cells accumulate cellulose and lignin to form what is defined &
the secondary cell wallhe latter is less hydrated than primary cell watid themain
structural elements appear to be microfibrillar bunciéser thanindividual microfibilis

(Cosgrove & Jais, 2012)Overall, theDF in adiet is mainly consumed in the forfrpoimary
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cell wallsincelignificationin the secondary cell wadn decrease food palatabi(iplland,

Ryden, Edwards, & Grundy, 2020; Waldron, Parker, & Smith, 2003)

Middle lamella
Primary cell wall

Plasma membran

Plasma membrane protein Cellulose microfibril Hemicellulose
3 -_— N T )
Soluble protein Pectin Phytosterol

Figure 14. Schematic representation of the outer layer of a generic plainicheding cell wallrad
plasma membranédapted fromScheller and Ulvskov (2010)

1.3.3 Comparison ofFungal andPlantCel Walls

Overall,the kingdoms of lifef plants and fundiave similarities as well as significant
biological differences. Table .4 showsan overview that compares plant and fungi
characteristicayhich is admittedly a genesafion as exceptions exist. Briefly, the two
organisms areukaryotic as their cells have nuclei. Cell walls are the outer layer that defin
the cellular structure and retains membdamend organelles. Plantgan perform
photosynthesisransformindight energy into chemical enefigs., autotrophic).

On the other hand, fungi secrete enzymes into the extracellular environment to dige

and absorb nutrientd.€, heterotrophic). The glucose storage of plants is starch, while
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glycogen is present in many fuhggeneralthe gametes for higher plants &ygseand pollen,

whereas fungi use spores.

Table 14. Comparison of general biological characteristics of fungus and plant kingdoms (exceptic
exist). Adapted frorbeacon (2013)

Character Fungus Plant

Growth Hyphal tip or budding yeas Multicellular tissues

Nutrition Heterotrophic Autotrophic

Cell wall Chitin,a- andb- glucans | Cellulose, hemicellulose, pectin, ligi

Carbon storage Glycogen, lipids, trehalos Starch lipids, norstarch
polysaccharides

Membrane sterol Ergosterol Sitosterol, other plant sterols

Ergosterol is the principal sterol of the fungal cell membrane, while plants have differe
phytosterols such as sitosterol. $treictural organization and the compositioR@W and
FCW are similar as both cell walls are primarily composedlp$accharides withlinks
which are indigestibia the upper human GITPCW and FCWshare the presence bf
ducans in their cell walls. However, the glucosyl residues comipgdimgngend to be
linked byb-1-3 and 1 -14 bonds in PCW wherea$-1-3 and -1-6 are presenin FCW.
Anothercriticaldifference between FCW and PCW is that fungi have chilimear polymer

of N-acetylglucosamine units, whereas plants have celalpsiymer ofD-glucose, and
pectin composed of galacturonic acid uditee dimensions of the cell walizay differ
substantially between the two kingdoms ofRit and fungal cell spatial distribution and
organisatiorare different as plant cells tend to form tissue structutiesaggregatecklls
(Steeves & Sawhney, 201i)contrastfungitend toform separated hyphae/mycelium that
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can potenally be more diffuse (e.g., heglsurface exposufer human digestivenzymes)
than plant tissues. These differences icdluence the bioaccessibility of nutrients retained
within the cell walls andifferently influence digestion physigloghis meclanismis
discussed i®ectionl.7.1.1.

Despite the differenbrganisatios of PCW and FCW, there are someanalmies
between the twkingdoms of lifeFor examplea fibrous matrix(cell wallwith arobustbut
dynamicstructural naturand the ability to exert physiological effects in the Gi& cell wall
is mainly composedaf fibres classified as undigestible carbohydrates, in both plants and fun
due to binks thatthe human body canndtydrolyse(Dhingra, Michael, Rajput, & Patil,
2012) Nevertheless, fibre is more than an inert and undigestible component as its structt
(e.g.,cell wall) can influence digestiéior instance, studies have shown Bifatrom plant
cell wallscanactas an envelopeith acrucialrole in controllingenzyme accessibilignd
nutrient releas@srundy, Wilde, Butterworth, Gray, & Ellis, 2018pth FCW and PCW can
have an impact aype2 diabete§T2D) or cardiovascular diseas€¥D) (Jeong et al., 2010;
Lunn & Buttriss, 2007; Martel et al., 2017; Scazzina, Siebeiittand. Pellegrini, 2013\
delayed or sustained release of nutrients due to the encapsulation of rjatgenisoteins)
within the cell wall could ameasesatiety signalling and decrease the glycaemic respons
(Wilde, 2009) The cell wall porosity of both plant and fungi have been reg@réeNobel,

Klis, Priem, Munnik, & Van Den Ende, 1990; Grundy et al., 2016; Li, Gidley, & Dhital, 2019
Walker et al., 2018 Moreover, the FCW haseen described asolecularly more dynamic
and flexiblghanplant cell wall§Kang et al., 2018) his suggests that despite the enveloping
function, the cell wall can somehow be overcomribmandigestiveenzymes t@accesshe
intracellular nutrient®r the nutrientger secan escape the cell wall to become accessible to

enzymes
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1.4 Human Digestion

Before discussg the /n vivostudies that analysétly C digestion and health impact, a
brief description of the human digestive system with insights on the bioaccessibility of nutrie
is discussed in thisection Furthermore, theharacteristics and digestion of macronutrients
(i.e, protein, carbohydrates, and lipidsy discussed separately.

The digestive system can be divided thoupper and lowerGIT. The upper GIT
involves the oragjastricand small intestinal phases in whiahnutrients areeleased from
their foodmatrix (unless they are already acce}sittilegraded into their constituettat
are therabsorbedThelower GITis mainly represented by the large intestinghich water
absorption takes plaa@nd undigestible nutrients, such as fibrefeainreentedby the resident
microbiota(Gouseti, Bornhorst, Bakalis, & Mackie, 20 Fyure 1.5 showsthe different
compartmerd of the digestive system and the main digestive ennngensandmolecules
that participaten the process of food digestion.

The ultimate ainof human digestion is tbtain sufficient energynd essential nutrients
from food to sustain the body. Nutrients can be divided into micronutrients (i.e., mineral sa
and vitamins) and macronutrients (i.e., proteins, carbohydrates, lipids, andWeaterg
Truswell, 2017)Therefore, human nutrition is the first step to introducing nutrients from the
food that are degded and absorbed by the digestive system, then transformed into energy

utilised in a range of physiological functions.
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Upper Gastrointestinal Tract Organs Supportive to Digestion

Oral phase

N

(6): Liver

Location: Mouth (1), Oesophagus (2)
pH: 7

Function: Production of Bile
(7): Gallbladder.
Enzyme: Alpha-Amylase Function: Storage of Bile

Function: Decrease the Particle Size of (8): Pancreas
Food; Carbohydrate Digestion
Function: Production of Small Intestinal

Enzymes, Insulin and Glucagon

Gastric phase

Location: Stomach (3)
pH: 3
Enzymes: Pepsin & Gastric Lipase

Function: Decrease the Particle Size
of Food; Protein and Lipid

Digestion Lower Gastrointestinal Tract

Small Intestinal phase Large Intestinal phase (Colon Phase)

Location: Small Intestine (4) Location: Large Intestine (5) (Colon)

(Duodenum, Jejunum, lleum) Enzymes: Bacterial Enzymes
pH: 7 pH: 7

Enzymes: Alpha-Amylase, Trypsin,
Chymotrypsin, lipase, Colipase

Function: Fibre Fermentation; Absorption of
walter

Supportive Molecules to Digestion : Bile Salts

Function: Carbohydrate, protein and
Lipid Digestion; Nutrient Absorption

Figurel 5. Schematic representation of human digestiompartments, physiological conditions, and
functionsaccording to the INFOGEST protoc(Minekus et al., 2014)

1.4.1 Bioaccessibility of Nutrients

Nutrients can be encapatéd within a food matrigr readily accessible when no
structure is present (e.g., juicBg)estive enzymes are needed to gain access to andseydroly
nutrients, and this property is referred to as bioaccessibility. For instance, an intracellt
nutrient from a plant or fungal cell must be accessible to enzymes to be digested and t
absorbed. Thismteractioncan happen in two ws asillustratedm Figure 16: (1)the enzyme
can diffuse through the cell wall to hydlthe nutrient, and later thgdrolysis produst
are released in the extracellular spand(2)thenutrient can be released from a damaged or
disrupted cell walbeconingbioaccessible tine digestive enzymes.

Bioaccessibility is part of the bioavailability process, vetéch comprises the

absorption, distributigrmetabolismand eliminatiorof nutrientgDima, Assadpour, Dima,
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& Jafari, 2020)or example, the proteamountthatcanbecome accessible to proteases or
released fronamatrix can be further deaded into peptides or amino adqid4\), which can

finally be absorbed, distributed, and metabolised.

Plant Tissue Cell Disruption Or Enzyme Diffusion

External

Layer 1] ¢ ; =

Inner

Layer

External PO AE ¢ ® e OBy 2~ — ————- Nutrients digested
and released

Layer

| o)
Limited contact surface in 1 _
the inner layer % Nutrients released %)

High
s&%fagg ?rgat%te %ﬁ; and then digested
external layers @ Enzyme
Fungal Hyphae Cell Disruption Or Enzyme Diffusion

Branching filamentous
structures (no layers)

Nutrients digested
and released

High contact

X Nutrients released %;,
surface in all cells &4f Enzyme #

0,
%’ and then digested

Figure 16. Schematic representation of the structural/osgiéomal difference between plant tissues
and fungahyphae; bioaccessibility of nutrients in plant and fungalFéglire source: Colosimo et al
(2021)

1.4.2 Macronutrientsaind Digestion

The three major macronutrients introduced by our diet are proteins, carbohydrates, ar
lipids. The food matrix ismainly composedf these macromoleculésat areused by the

human body for several functions necessary to maintain good health.
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14.2.1 Proteins

Proteirs are polymeic chainscomposedf AA linked together by peptide bonds.
The core structure of afA is a carbon atom bonded to an amgroup (N-terminus) a
carboxyl groufC+terminus)and a variablateralgroup R that defines tiype d AA (Figure
1.7). AA canbe distinguished into essentialg (they cannot be synthesised by fthuenan
body) and noressentialse(g.,they aresynthesisedh the bodyfrom precursors)Berg,

Tymoczko, & Stryer, 2002)

aa aa

+
& %
@:
.
|
i
D —— 0 -&
|
|
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f\' ~ H:0

Peptide bond
N-terminus -, C-Terminus

> !
H y .
| o o
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'Y ' | 53
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|

H

Figure 17. Schematic representation of peptide bond formation betwee®wio the Figure, N
terminus is the amagroup; Gterminus is the carboxyl group.

The structure othe protein is divided into four levelBranden & Tooze, 2012)
The primary structure refers to the sequeno®/fThe secondary structure is given by sub
strudures of the polypeptidsuch as-helix andb-sheet Both motifs are characterised by
hydrogen bonds between theddminus with the @rminus of the constitueA®A. Tertiary

and quaternary structwrare threadimensional structures of monomeric and multimeric
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proteins andthe aggregation of two or mosabunits to form a multimer (one single
operational unit)Protein digestion (Figure 1.8) begins insteenach due to pH and pepsin
actionon peptide bondshat are degraded into peptidesl AA

The gastristepisnot essential or complets pepsitcleave pegide bonds in which
carboxyl group is provided bye AA with aromatic rirgj(e.g.phenylalanine and tyrosine)
(Fruton, Fujii, & Knappenberger, 196The predominant digestion of proteinccus in the
small intestine whepancreatic peptidasésg. trypsin ancchymotrypsinjransform protein
into di andtri-oligopeptideswhichcan befurther digestetb singleAA by oligopeptidases
presenton the brushborder or directly absorbed gseptideswith small molecular size

(Gropper & Smith, 2012)

Oral phase
Native protein
a:%m
L Gastric phase

Proteolysis by pepsin
Peptides

S M Absorption Circulation

is b . ch Proteolysis by
Proteolysis by trypsin, chymotrypsin aminopeptidase
des and free AAs

LS

[y

= —

o
=

Gas BCFA, —-—,—)
amlnos, N-nitmso H
compounds,
phenols, thiols,
indoles

S~

Figure 18. Simplified representation of protein fate during digesf\én. amino acids; BCFA
brancheechainfatty acids.

22| Page



Chater 1: Introduction & Literature Review

The PDCAASwaswidely accepteb evaluat the quality of a proteitdowever, the
PDCAASwasreplacel by the Digestible Indispensable Amino Acid Sc(iAAS) (Leser,
2013)to provide a more accurate measufethe actwal nutritional valuand qualityof dietary

protan.

14.2.2 Carbohydrate

Carbohydratearemolecules composed of carbon, hydrogen and oxkigesan be
divided into monosaccharides, oligosaccharides and polysaccharides based on their degr
polymerisation. Monosaccharidgs., sugarsare the basic uniteatcannot be hydrolysed
any furtherand they bond together to form oligmd polysacaridegBeMiller, 2018) The
latter include stargha polymeric carbohydrate formed ligear (amylosg or branched
(amylopectih sequencesT he glucose unitsre linked bya-glycosididoondsthat arrange
themselves into sestiystalline granul@sto plants organismisikewise, glycogen is found in
animasand fungiand it 8 a more highly branched version of amylopéetann & Truswell,
2017) On the other handDF such asb-glucansare also carbohydrate composed of

polymerisedsugar unitsHoweverthe monosaccharidegre linked together Ryglycosidic

bondsinstead oa-glycosidi¢Figure. 1.9).
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Alpha- Glycosidic Bonds Beta- Glycosidic Bonds
(Starch, Glycogen) (Beta-Glucans)
.
h— & A
O ~ * ' Alpha-1,6-glycosidic bond 3-8
: ‘\37”:/]’: ~®- #® ., Beta-1,6-glycosidicbond
L @ o
Beta-1,4-glycosidic bond "=7:  Beta-1,3-glycosidicbond
Starch Glycogen Beta-Glucans Cellulose
Amylose Amylopectin
T y WJ""L?‘L OH OH
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Figure 19. Schematic representation of monosaccharides bouad J#y1,6 glycosidic bonds (left),

and b- 1,31,6 glycosidic bonds (right); and structural shape of starch (amylose and amylopecti
glycogen, adapted froRereira, Fajardo, Valente, Rubira, and Muniz (28&8Engelking (2015)
respectively; anglglucans, adapted froiofuji et al. (2012chemical structuref @ellulose.

Carbohydrates cover 4080% of the caloric needsthe world(Mann & Truswell,
2017) Humans can produagucose by starting frasubstratesush as pyruvate, lactateost
AA, and glycero{Mann & Truswell, 2017}igure 1.10 schematically showsetdigestion of
starcheshat stagin the mouthdue to thepresence ofalivarya-amylase designated to break
down (or hydrolyse) tha-glycosidic bonds of oligmlysaccharidesStarch digestionan
continue in the stomadincesalivarya-amylase is still active at high pH valassugd 60)
found in the stomach after meal consumpf(iereitas, Le FeunteunaRouillé, & Souchon,
2018) Then, @stric pHdecreasebkelow 4.0overtime (~ 45 min)due toacid secretion, and
salivarya-amylase is inactivateStarch digestiomontinues in the small intestine where

pancreati@-amylasgroduceddi- and monosaccharides that can be absariiedhe small
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intestinal mucosandconveyed to the livelhen,they can be used immediately for energy
purposes ostoredasglycogerin theliverandmuscles

However, not all carbohydrates are digested in the small intésuone low
bioaccessibilitygnd can reacthne colonundigestd (Brown, 1996)Indeed,DF isindigestible
in the uppelGIT because of the lack enzymeso hydrolyse thé-glycosidic bondd.am &
Cheung, 2013Jor instance, resistant starch is considered a type of DFibtadligested in
the upper GIT and can be fermentieg the resident microbiotathe colorto produce short
chain fatty acids (SCFA) (i.e., eg@ropionc and butyic acig and provide 2 kcalfg.ockyer
& Nugent, 2017 SCFAcanbe used by the colon cells (colonocytes) or absorbed and used &

energy in peripheraisses(Wong, de Souza, Kendall, Emam, & Jenkins, 2006)

Oral phase
Fibre Starch
“ oo &ebc
&&mu fea
e ¢ Amylolysis by alpha-amylase
g (KC
J, \L Gastric phase
Fibre Polysaccharides
: i o8 Taall
b ST
eﬁ% (8
e L Intestinal phase Absorption Circulation
Amylolysis by alpha-amylase Hydrolysis by
Eb Mono-Di-saccharides, ~ 9/ucoamylase
glucose —— Entero \
{ - (= \T_-\ c
; 8¢ e ;;‘ & \‘:1 /. %
N2 - Colonic phase s
Fibre Resistant starch
Microbiota
e Gas, —
YSCFA, SCFA
lactate

Figue 1.10. Simplified representation of carbohydrates (starch or fibre) fate during digestian. SCF.
shortchain fatty acids.
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Glucose in the bloodstream is highly regulated as drifting in equilibrium values can cal
diseases or deatlfthe process that maintaithe glucose levels at a steatiiteis called
glucose homeostasand several actors participate in this pro@e&sder, Wu, Liu, & Han,
2016) The increase or decrease is dictated by several factors, mainly by carbohydr
digestion, but also protein metabolism is a potent modulator ofglhomeostasi$he
pancreas playscaucialrole in maintainingglucose homeostasis ¢Bcreting hormones such
as insulin, glucagon, amylin, somatostatin,pandreatic polypeptidgrdder, Wu, Liu, &

Han, 2016) Insulin is secreted whe¥A (Saltiel, 2015)r the blood glucose levels &8
mM to increasglucose uptad whereas glucagon is the counggulatory hormone to insulin
secreted during hypoglycaemia to restore the blood glucose(Baredal & Weinstock,

2020)

14.2.3 Lipids

Lipids are organimoleculeghat are poorly soluble in watert soluble in noypolar
solvents. Lipids represent one of the three macronutmgtitghree mairiunctions:energy
source witl® kcalg; structurafunction ashey are fundamental constituents of the membranes
of all cellg§Downer,1985) and precursors ohormones such as prostano(@snith, 1992)
Nutritionally,a recent boolhas reviewethe lipids introduced with the dighat can achs
carriers for fasoluble vitenins andprovide essential fatty aci¢gg&rundy & Wilde, 2021)
Lipids can be classified tain eight main categories: fatty acids, glycerophospholipids,
sphingolipids, sterolprenols, saccharolipidsplyketidegFahy et al., 2005A\n example of

the $ructure of some common lipidstroduced by the diesreported in Figre 1.11.
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Glycerol Fatty acids

Steroids
Cholesterol Ergosterol

Figure 111 Schematic representationtofjlycerides composedthree fatty acids chaifright)and
a glycerol backbor(geft) steroids (cholesterol in mammals, ergosterol in fungi)

The digestion of triacylglycerols, the primary lipids present ifffaodbsen, 201,9)
is illustratedin Figure. 1.12Gastric lipase is the first enzyme that hydeslipids in the
stomach(Abrams et al., 1988)hen, in the small intestine, pancreatizymes such as lipase
that act with colipasghospholipase and cholesterol estecasecontinue the lipid digestion.
However, the insolubility dipidsonto Gl fluids limits enzymatic digestion. Hencegrater
to be digested and absorbépgids must be transformed into wateluble aggregatdhis
processs called emulsificatioandoccursthrough thebile, afluid produced by the liver and
poured nto the duodenum by the gallblad¢Bauer, Jakob, & Mosenthin, 2008jter the
emulsfication process triacylglycerolgan behydrolygd by the pancreatic enzymes into
glycerolnd freefatty acid¢FFA). Short (26 carbon atoms) andediumchain fatty acid${

12 carbon atoms) atensported directly from the small intestine to the hepatic portal vein tc

reach the liver, where they are rapidly metabadlBader, Jakob, & Mosenthin, 2005)
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On the contrary,dngchain fatty acids are abised by enterocytesiestinal cel)s
and reesterified to triglycerideShese are then associated with cholestgrbbspholipids,
and lipoproteinsto form chylomicronsThe chylomicronsenterthe blood circulation and
reach the peripheral tissyadichretain only fatty acids and glycefdie liver captures and
incorporates the residual chylomicrons, low in triglycerides and very rich in chptesderol
metabolkses the residual cholesterol and uses the few remaining triglycerichesatoolic

processefGrundy & Wilde, 221; Mann & Truswell, 2017)

QOral phase
Lipid (TAG)

\L Gastric phase
Lipolysis by gastric lipase

TAG, 1,2-DAG, FFA

NP Intestinal phase Absorption
Lipolysis by lipase, colipase
2-MAG, FFA | s
Bile 7
Vrad

éw“’“‘” © 3 :__'H e Chilomicron

5 __
Lipids which escape digestion
B 104G, FFA /

Micelle

G

g Portalvein  Lymph

: .

Liver—» Systematic
circulation

Figure 112 Simplified representation of lipidi@cylglycerols TAf¥ate during digestiord.,,2DAG:
1,2diacylglycerols; FEAree fatty acids-dAG: 2-monoacylglycerals
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1.42 4 Bioactive Components

The bioactive components described andlysedn this thesis are phenolic acids

and ergothioneine.

PhenolicAcids

Phenolic acids(e.g., protocattuic acid(PCA) in Figure 1.3) are secondary
metabolitedound mainlyin plant and fungal samplaad are knowrior their antioxidant
activity(Proestos, Boziaris, Nychas, & Komaitis, 2006; Smith, Doyle, & Murphy, R015)
general, phenolicompoundsare introduced tlough the diet in complexes such as esters
glycosidewvithin the food matrixhat arehydrolysed by the upper GIT enzymes or resident
microbiota before being absorbed, metabolised, and distributed into the orgramisn &

Goel, 2019)

HN

NH _NZ_
OH S% “\
OH

Figure 113 The chemical structure d?CA (Figure 1.13} asanexample of @ommon phenolic
acid and the AA ergothioneinFEifure 1.13B

Ergothioneine

Ergothioneine is an AA (Figure 1.14) found in fungi and synthesised by a fe
organisms, namely Actinobacteria and Cyanobacteria. The AA is a derivative of histidit
which has found interest in the scientific literature for its potent antioxidant ancteytoe
activity/n vitro(Akanmu, Cecchini, Aruoma, & Halliwell, 1991; Borodina et al., 282d)
can be bsorbedthroughan intestinal transporté©CTN1) with high specificityHalliwell,

Cheah, & ang, 2018)
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1.5 /n Vitro Modelsto Explainthe /n VivoFindings

Researchnto food digestion is essential to understandrteehanismsesponsible for
health effects promoted by certain foods and preventethétd diseases (e.g., T2D and
CVD). There are several ways to understand the fate of food in thémQliVostudies are
considered the gold standaidcethey are performed in living organigmé6 r om L at i n
t he | i vinwngstulliecanibl @nducted on @amimal mode(e.g., mice and pigy
humans In nutritional science research, thev/vostudies can offer observations based on
the parameters measured (e.g., blood and uestg tut the biochemical mechanisms are
often poorly understood.

On the other handi? vitrostudiegf r o m L a t i) arepasformed gith &lsosatbry
glassware amicroorganisms (e.dpacteriaandfungi),animal or humarells, or biochemical
moleculesThe conditions ofn? vitroexperiments areontrolled, and this offers a consistent
and reproducible system. However, samgvoconditions are not well simulated/bwitro
systemsTherefore the results need to bertidered carefully depending on the experiment
Nonetheless, th& vitrostudies offer essential preliminary results for the safety of a produc
(e.g., drug or food) or to understand the biochemical mechanisms of physiological proces

that the observamm of /n vivooutcomes heehypothesised.

1.5.1 Simulation Methods ftre UpperGastrointestinal Tract

Overall, there is a consensus around the simulation methods for the upper GIT that h,
been built around the INFOGEST COST actibarmonised protocdMinekus et al., 2014)
The /in vitrodigestiormethoddor food of the upper GlTcan beclassified for their dynamicity
to reproduce the human digestivetays Thereforethere arestatic, sermdlynamic and

dynamic models.
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The static model mainly used in this thesis was the INFOGEST, with few adaptatiol
depending orthe final aim of the experiment. The main feature of this system is that the pt
values andhe compositionof the digestive fluidencluding the enzyme solutions in each
phase (e.g., oral, gastric and small intestire)constant during each digestion time. This
model lacks the dynamic features present in thie §kich as gastric emptying, gradual enzyme
secretion and peristalsis, but it offers a quick anddsintool for studies that aim to predict
the endpoints d nutrient hydrolysiand bioaccessibilitindeed, after the gastric and intestinal
digestion, the endpoints using the INFOGEST static protocol reflectedvive situation
observedn a pig modelEgger et al., 2019verall, the static method has shown to be
excellent for the low cost implied and time requinddch simplify the hypothesis testing for
mechanistic studieghile maintaining a goadtra and intedaboratory reprducibilityand
robustness of its resu{Brodkorb et al., 2019)

On the other hand, the seqlynamic and dynamic models tend to better simulate the
gastric phase in the gradual seanetibfluids and peristalsislowever, both methods are
more timeconsuming than the static model, and dynamic models can be expensive. /
example of a serdiynamic model is described Mulet-Cabero et al. (2020Yhe latter
incorporateshe gradual secretion of gastric fluidlsluding enzyme solutions and acid, and
gastric emptying. The dynamic models such as the DyKzastric Model describebly
Thuenemann, Mandalari, Rich, and Faulks (2@Hp) generally mimic better the complex
peristdtic movements of the stomach w&lbme of these dynamic models also include the
dynamic simulation of the small intestine, which includes the gradual secretion of diges:
fluids such as bile and paea&tic enzymes. An example of this system is the TIM model

(Minekus, 2015)

31| Page



Chater 1: Introduction & Literature Review

1.5.2 Simulation Methods ftre LowerGastrointestinal Tract

On the other hand, theimulation methods for the lower GIT lack a standardised
protocol but, similarly to the upper GIT tract methods, cadlédssified for their dynamicity
to reproduce the colonic environment. Indeed, the static methods performed in batches &
used to quickly assess the impact of foods on the gut microbiota and metabolites produ
(VeintimillaGozalbo, AsensiGrau, Calvd.erma, Heredia, & Andrés, 2021Jhe main
advantages of these systems are the lower cost and time required to perform the experir
and the accessibility to the equipment required. The disalvantage is the lack of addition
and removal of substrate or metabolites produced. This factor leads to the accumulation
fermentation products and bacterial growth that can saturate the system.

On the contrary, the dynamic models simulate the aofeninentation processes by
continuously adding substrate and removing the fermentation products. Some examples
dynamic models for the lower GIT are the SHIf1&nd TIM-2 (Minekus et al., 1999; Van
de Wiele, Van den Abbeele, Ossieur, Possemiers, & Marzorati, Z8&5¢ methods require
specifieequipment and can be expensive, although they provide a more realistic simulation

thedynamics in theolonic environment.

1.6 Key FindingsAfter PostprandiaConsumptiorof Mycoprotein

The consumption of filamentous fumgmot highlywidespreadompared tanushrooms
(fruiting bodies of fungdr plants and little is knowabouttheir fate in th&sIT. MYC can
be consideredne ofthe primary source of filamentous fungior human consumption.
Therefore, thisectionanalyses thavaildle scientific publicatioaboutMYC consumption
and compaesthe health effectselated to CVD and T2Dbbserved witlother plans and

fungi where possible
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1.6.1 Protein BioaccessibiliyndBioavailability

MYC has beemndicatedn the pasas asustaiable and nutritious food withhegh net
protein utilisatior{Udall, Lo, Young, & Scrimshaw, 1988he protein qualityneasured by
PDCAAS resulted in a score of 0.9896dwards & Cummings, 201@hich is very close to
the maximum score of 1.0 achievednilk and eggs and significantly higher than beef and
chicken.

More recentlyDunlop et al. (2017)n a doseesponse studyitharandomised, single
blind crossover desigmbservd the effects of ingestionMfy C and milkas noranimaland
animalprotein sourcg respectivelyon 12 male subject$he initial protein concentration
was50%lowerin the drink containin@0 g ofMYC (MYC 20)than20 g of milk (MLK20)
Therefore,it wasexpectedigherplasmaAA and insulin responses in MLK2ALK20 was
compared to a drink containid@ g ofMYC (MYC40) (approximately equivalent amouwnft
proteinof MLK20), andthe totalAA levelsin plasmawereequivalent between conditions.
Therefore MYC was found to be as bioavailable as milk protein on a gram for gram basi
The ingestion of 18 g of protein contained/iMC40 wassufficient to stimulate the muscle
protein synthesisvhilst27 g contained ir60 g ofMYC could providean optimal anabolic
response. Increase@dYC doses did not seem to confer any further benéfissead they
could lead to a higher insulin response wathahydrate cangestionwhich may cause lipid
storageMoreover,MYC led to a lower postprandial insulin respottsen milk protein,
presumablylue tothehigh fibre conteribut comparable between MLK20 and MYCBQie
to processingylYC based foods are also lower in nucleotategent compared to animal
based foodawvhichisimportant because a large number of nucleotides have been linked wit
acute hyperuricemia that is relatedout diseasgdozien, Udo, Young, & Scrimshaw, 1970;
Waslien, Calloway, & Margen, 196Bhe ingestion of MYC20 and MYC40 did not affect

serum uric acid concentrations, while MYC60 and 80&y &f (MYC80) increasd the serum
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uric acid from approximatefypom 350370 to 38eB90nmol/L when the clinically significant

concentration for men is > 4g@ol/l (DuskinBitan et al., 2014)

Similarly, a randomised controlled trial 2@ healthy,physically activgoung men
reported thathe ingestion of a single boludwfC could stimulate a higher muscle protein
synthesis rate wheomparedto a leucinenatched bolus of milk proteifMonteyne et al.,
2020) The two meals wera the form of powder shakesndconsumedit the beginning of
the experimentAnalysiof AA and insulin in lmod samplesvas performedt rest and after
exercisgo determine then vivoprotein synthesis response in rested or exercised skeleta
musclesAfter MYC consumption, the authors observed a slower and lower rise in plasm
AA concentrationthanaftermilk ingestionHowever, there was a significantly higher muscle
gynthesis ratén MYC when comparedo milk protein. The systemidAA concentrations
observed iMYC were lower comparetd milk. This suggested thaimprotein/AA factors
are potentiallyrespondile for the significanimuscle proteirsynthetic effeabserved with
MYC consumption Hence, the protein from afood matrixcan trigger a potent effect on
muscle protein synthesis. Similaxgan Vliet et al. (201®bserved that muscle anabolism
wasstimulated differently if the foeethsconsumed aawhole The study reported that muscle
protein synthesis was higher after ingestiamolie eggthanegg white

The properties of the cell wall can influence protein digestion and bioavaikbility
discussed in Section 1.3 8isi possible to consider that enzymes could diffuse through the
cell wall and digest the intracellular nutrielos toits porosity/permeability, depending on
the intactness of the cell wallssiaslarlyobserved with plasamplegGrundy et al., 2016)
Therefore, @spite encapsulatimyitrients,the FCW allowgligestive enzymés digest the
intracellulamproteininto peptides and\A that can be releas@uthe extracellular spaead

absorbed in the small intestine.
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1.6.2 Effects on Poftrandial Insulin and Glucoséomeostasis

As described in Section 1.4.2the absorption of glucose released from dietary
carbohydrates causes a surge in blood glucose. Glucose homeostasis is maintained prin
by insulin and glucagomhich regulate the uptake and release of glucose in the fed and faste
states, respectivdRoder, Wu, Liu, & Han, 2016)An imbalance in glucose homeostasis,
such as insulin resistance, is faotor contributingo T2D developmentThe complications
related toT2D also include CVD, retinopathy, nephropathy, neuropathy and sexual
dysfurction (Ceriello, 2005) There are several possibilities to prevent these pathologies
including a healthier lifestyle and dietary patterns. Several studies, which will be discusse
thissection have shown th&tods rich in fibe, such adMYC, can promote increased insulin
sensitivity and lower insuliesistanceThus, controlling glycemia and insulin responses is an
essential tool fgureventing T2D an€VD.

A crossover study will® participantgTurnbull & Ward, 1995pbserved a significént
lower postprandial serum glucos&dhue < 0.05; 5% decrease at 60 min) and insulin response
(pvalue < 0.01; 19% and 36% decrease at 30 min and 60 min respecikYg-enrichel
milkshake (containing soy and dried skim milk) compared to a nutritionally matched contr:
milkshake.The two meals were nutritionally identical except foDfheontent MYC test
meal contained 11.2 g moB¥ compared to controlThat difference led the authors to
conclude thaMYC fibre influences postprandial glycemia and insulineseiayingfood
absorptionn the small intestine, although the mechanisms of how it can influence these fact
remairedunclear.

Bottin et al. (201&pund no difference between the postprarglighemicresponsén
a risotto made with chicken compatedYC (both meals tested &w, medium,or high
protein content)in a randonsed controlled trialwith 55 participants. Ahough the

insulinemic response dflYC compared with chicken was 12% lower at 30 imitine
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mediumprotein content meahnd27% and 21% lower at 30 and 60 min respectivéig
highprotein content meal. OverallYC compared to chicken showed a 21% decrease with
the Disposition index in the context of insulin resistawbereas a 7% increase of insulin
sensitivity was estimated with the Matsuda index. Bettesnghowedtatistical significance
only in the high protein content meals. On the contrdmy Insulinogenic indeshowed
differences in all the formulations with a decrease of 15%, 18% and 30% in low, medium ¢
highprotein contentrespectivelylFurthermore, metaonomic analysis was carried out on
urine samplesand different metabolites were associated with different fReraisstance,

the gianidino acetic acid excretion in urine was associatedMMtB consumption and
methylistidine was associated whticken. Plasma samples were evaluatetia method for
multivariate datdhe orthogonal projection to latent structulissriminant analysis (OPLS
DA), was constructed to compare 30 vsrh80afterMYC consumption. ltvaspossible to
observe a higglucose leveh the first 3dmin and a successive high level of branéi®ed
such as leucine, isoleucia®d valine. A separate OPD&A model was also constructed to
understand better which metabolitesreassociated with fullness after consuroimgken
andMYC meals. After chicken intake, paracetamol glucuronide was positively associated v
fullness, whereas creatinine was negatively associated. MXfterintake, the b
hydroxybutyrate was positively associated with fullness, while creatinine aschitieeste
product of isoleucine] ketoy -methyiN-valerate were negatively associatétis study
demonstrated tha®lYC reduces energy intake in overweight and obese sudrnjddtas a
better insulin respongbanchicken meatt also suggesd some candidate metabolites that
deserve more investigation in further studitswever the mechanisms affecting these
metabolic responses are still unknoawas the only unmatched nutrient betweeM¥E

meal and the respective contidence, it was consideredrdicalfactorin promoting these

physiological effectisat require more investigation

36| Page



Chater 1: Introduction & Literature Review

Likewise the study from Dunlop et al. (2017)Section 1.6.13uggesd that the insulin
responsavasiower and more sustained on a rassched meal bolusf 20 gof MYC than
milk protein However MYC and milk proteinverecomparablen a proteirmatched meal
bolus (20 g milk protein vs 40M)YC). This wassupportedby the Monteyne et al. (2020)
study(Section 1.6.1hich showethata leucinenatched bolus df1YC hada lower insulin
response in thérst 15 minwhen compared to milk, bittwascomparable in the next time

points.

1.6.2.1 Examplesof Other Fungal and PlaBased Food& Relation
with T2D

A studyby Ng, Robert, Ahmad, and Ishak (20h&s showrmow fibre b- glucas
from mushroomgcould be arssentidiactorin improvng postprandial glycaemic response
by interfering with steln digestibilityThe effect ofadding a fibreich oyster mushroom
(Pleurotus sajezajy powder to biscuits at 0, 4, 8 and 12% levels was asseswed on/o
glycaemic indeandthe rheological and sensorial properties. The biscuits weald@éd fibre
resulted in the best way to reduce glycaemic index and maintain good palatability. The fi
addition resulted in a less viscous paste, a reduced starch gelatinisation enthalpy value
interfered with the integrity of the starch granulesh were reduced in size and assumed a
spherical shape. The starch hydrolysis was affected by these modifications due to a redt
starch susceptibility to digestive enzyamesconsequentlthe glycaemic response was lower.
This study showed how fibrencanodify the digestibility of other nutrients (e.g., starch)
interferingin different ways and how fibre could improve the diet through a healthier blooc
glucose response.

Studies on pladiased diethave shown health benefits regarding TRDneta
analgisstudyreported an inverse correlation between T2D risk and DF intadst]y when
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consumed from oatmeal and psylligipreher, 2018)Compared to a placebo, these two DF
sources have shown lowerifagblood glucose glycosylated haemoglobin in individuals with
diabetes and prediabetégkewise ametaanalysis dReynolds et al. (2018pncluded that a

high intake of DF and whole grains appddo protect against CVD, T2[2nd colorectal

and breast canceéimilarly an inverse correlation betweba risk of T2D and consumption

of total DF and cereals DF has been reportethayinterAct (2015%tudyjncludinga human
study and a me#nalysis. The metmalysis examindd@ cohortstudies fron20publications,
whereas thelinicalstudy used data froBiEuropean countries. The latter compriaesase
cohort design with T2D incident cases 112,403) and a random suabhort (n=16,835),
which included cases of incident T2D (n 8)7&IthoughDF from vegetables and fruits was
not correlated to the decrease in the risk of T@possille explanatiors the lower amount

of DF containedh these foodsompared to cereals. Hence, the consumption of large portions
of vegetables and fruitey berequired to observe an effedn the other hangwhole grains
tend to be more concentrated in DF, which means that small portions are required to obse
a sigrficant effect. Otherwise, potential differences in the physicochemical and structut
properties of fruit and vegetable ébicompared to cereal féscan result in less effective
outcomes. A similar inverse association between cereaslritake andT2D is consistent

with the metanalyses conducted ¥go et al. (2014)

These studiesffer strong evidence on the correlation between DF intake and the
prevention of T2D. Although the fisource seems to influence the physiologésgionse
andrequire further investigation to understand how different fibrous structures can influen
digestion, prevent T2D, and help develop healthier foods with a l@englyendex.The
mechanisraof DF action in controlling glycemia agineught to act on diffent fronts, which

are discussed fBectionl.7.
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1.6.3 Hypocholesterolaemigffects

High levels of lipids the blood are considered a risk factor fo¥D developmentA
healthy lifestyleharactesed by not smoking, moderate physical activity, and a balanced die
with fbrerich foods(e.g., Mediterranean dies)regarded as a preventive tool to reduce the
risk of developing CVIButtar, Li, & Ravi, 2005Thus, DF sources such as PCW and FCW
are excellent candidates to prevent CVD development. In addition, as mentioned before, [
can influence glucoseimeostasis by reducing insulin resistance and controlling glycemia th
can also contribute to the prevention of CVD progreg§leriello, 2005)

Turnbull and colleagues carried out sevstadliesabout the health benefits iy C
after the commercial introduction of Quérrin 1985(Whittaker, Johnson, Finnigan, Avery,

& Dyer, 2020)Turnbull, Leeds, and Edwards (1990)died the effect &Y C consumption
within a diet foB weeks compared to a natentically matched control diet containing meat
(type not disclosedh) 17 participantsThe study eported an overall decrease of cholesterol
and lowdensity lipoprotein (LDL) levels in thdYC group whereas higtensity lipoprotein
(HDL) increasedOne of the limits of the studyasthe duration. Tie studywasshort (only

3 weeks of follow upand thecohortwadimited (17 adults), butwaswell controlledor the
nutrient intake. The conclusion is that human blood lipids chdaongehealthieprofile after
MYC consumption.

The same research group investigated the effetY@f on blood lipids in21
participants with slightly raised blood cholesterol level® fareks(Turnbull, Leeds, &
Edwards, 1992MYC was incorporated in a cookie matrix and compared with nutrient
balanced cookies withoddYC. The results supported the previosisidy by reducing
cholesterol and LDL Melsthatweresignificantlyowerthanthe control.This study wasf
longerdurationthan the previous{veeks v8 weekshput less controlled because the subjects

were frediving. Nevertheles®]YC showed a positive correlatiarth blood lipid reduction.
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Another/n vivostudy(6 weels, nonblinded, controlled interventiom)ith21 freeliving
subjectghealtly non-habitualMYC consumersgonfirmed the reduction of cholesterol and
LDL levels n t he intervention group eating Qu
group that followed thenegulardiet (Ruxton & McMillan, 2010) The authors reported a
significant reduction of total cholesterol levels in the participants with hypercholesterolernr
suggesting thitY C couldhelpmanage blood cholesterol levélke limits of the studyere
the lack of randomisatioor blinding and the small sample sizespite the limits, this study
supported the increasing body of evidence of blood lipids reduction after MYC consumptio

In a crossover study, Homma et al. (1995) observed a cholesterol reduction after MY (
consumption among 32 healthy ftiseng Japanese subje&abjects with a total cholesterol
concentration > 5.iM presented a 9.7% decrease in total cholesterol after consuming 2
g/day oMYC (DW). Subjects with a total cholesterol concentrationmM.¢onsuming 18
g/day ofMYC (DW) shoved a lower decrease in total cholesterol (0.7U)subjects
consuming 24 g/gdnada statistically sigiant reduction in total cholesterol (6.7%), but for
subjects consuming 18 g/dayViXC, total cholesterol redtion was not sigincant (1.6%).
These results suggest a required minimum dose to achieve a cholesterol reduction eff
Similarly a randomnsed and parallelgroup study 20 healthy adults showed thetyC
consumption could modify the plasma lipidome compared to meat oiCiesiho et al.,
2020) The study reportedecreasedipoprotein fractions and cholesterol compared to the
meat/fish controlNevertheless, the studf only HDL and LDL levels might not be a
complete representation 6D, but lipoproteins functionalignd atherogenitaitsneed to
be evaluate(Hernaez et al., 2019nterest has risen LDL oxidation that produces unstable
oxygen free radicals that promote atheroscldi@ays €al., 2013; Bays, 201 Batrticularly,

LDL oxidation needs to be evaluatednsidering thaadministerin@ dose of chitkglucan
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fibre has been reported to revert this effBalys et al., 2013yherefore, more clinical trials

on MYC are encourageth assess HDL function, LDL atherogenicity and oxidation.

1.6.3.1 Examplesf Other Fungal and PlaBased Food#: Relation

with CVD

Several studies have shawat edible mushroommight have &ole in preventing
CVD. For exampleKim et al. (2019eported that the consumption of Portobello and Shitake
mushrooms could reduce atherosclerosimice fed with a higtat diet fibre, and funght
glucans have been reported for tihgipocholesterolaempropertieg Gil-Ramirez, Morales,

& SolerRivas, 2018; GRamirez & SoleRivas, 2014)Moreover, severdibre typescan
impactCVD prevettion (Lunn & Buttriss, 2007)

In a randomised, doublalind, parallegroup design study, Queenan et al. (2007)
reported that oab-gucanscould reduce total cholesterol and LDL cholesterol7h
hypercholesterolemic men and wom@nmetaanalysis with cohort study publications (n =
22) concluded that the intake of total DF, insoluble tbfibre from cereals, vegetables, and
fruits was inversely associated with CVD(Tiskeapleton et al., 2013imilarly, a list 015
studies has been examined in a raetlysis to understand the impact of DF raadtality
from CVD (Kim & Je, 2016)The DF source appeared to be crucial in modulating a significant
response, sindl to what was reported in the studies on T2&c{ionl.6.2.1). Indeed, the
fibre sourced fromcereals showed significant inverse correlation with CVD mortality
compared to other sources.

The findingsreportedin this sectiosuggest that DRtake is a@ritical factor foCVD

preventionThe mechanisms underlying these effects are discussectionl.7.
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1.6.4 Impact of Colonic Fermentation on Human Health

The area of research involving the GIT microbiota has gained high inteexstnn
yearyPradosBo & Casino, 2021A shift and increase in the bacterial population or specific
bacterial activity kia been correlated witthe modulation of metabolic disordessch a3 2D
(Cani, 2018)Moreover, dietappears to ba crucial tool to modify the colonic microbiota
(Wilson et al., 2020)n particular DF isan importannutrient forthe gut microbiotgWang
et al., 2019)

It has been shown that the lack of DF is detrimental for murine colon health as th
resident microbiota starts to degrade the colonic mucus barrier and increases patho
susceptibilityDesai et al., 2016Jhe fermentation of DF by the microbiota leadSGFA
production such as adet propioric, and butyic acid(Harris, Morrison, & Edwards, 2020)

A studyby Harris, Edwards, and Morrison (2018)s shown how the fermentation of whole
MYC or MYC isolated fibe can produce SCFM an/n witro colonic model The isolated

fibre had a higher SCFA production as expected by the higher amount of fibre, 75% compal
to the wholeMYC that accountetbr 6% fibre(wet weight)Propionic acid was produced in
higher quantiesbythewholeMY C thaninulin and laminarin, whereas butyric acid was found
in higher concentratigmn wholeMYC than inulin. Propionic and butyric acid are considered
markers ob-glucans fermentatiqilughes, Shewry, Gibson, McCleary, & Rastall, 2008)

Overall, SCFAave been correlated to beneficial effects for human health. For instanct
SCFA can regulate blood pressure, appetite, glucose homeostasis and maintain gut inte
(Chambers, Preston, Frost, & Morrison, 20P8)pioric and butyic acidpossess important
protective activity against inflammation and colon cancerofiooacidis also bsorbed and
transported to the livewhere it has been suggested to have some beneficial effects ¢
cholesterol reduction and gigenic contro(Ramakrishna, 201.3)nce the £FA reach the

blood circulation, they can modulate physiological processes such as glucose storag
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different tissues (e.g., musatelfat) and organs (e.g., liver) that may help in the control and
prevention of T20Kim, 2018) For instance, an opédabelandparallelgroup sudy reported

that a diet high in DF, composed of whole grains, traditional Chinese medicinal foods, a
prebiotics promoted changes in the gut microbiota and improved glucose homed&tasis in
participants with T2[Zhao et al., 2018However, longerm studies using oligofructose as
DF did not report any significant effects of SCFA on glucose home@asi®t al., 2014)

The colonic fermentation of PCW and DF belonging to plants has been reviewed in tr
literature(Williams, Grant, Gidley, & Mikkelse2017) On the other hand, the fungal DF
literature still lacks enough studies to draw consistent conclusions. However, studies
shown that SCFA are produced following fungal DF fermentatoexampleiKawakami et
al. (2016¥xhowed that powders from white or brodgaricus bisporugere fermented in rats.
The SCFA production was significantly higher in the white mushroom compared to the brov
and the controlMarzorati, Maquet, and Possemiers (20Eported that repeated and
prolonged administration of isolated chitin/glucan, the two main components of RCW, ce
promote gradual changes in the bacterial populatiostro (SHIME®). A different SCFA
production was reported between the low or high tested doses. The low dose was correlz
with propionate production, whereas the high gweeidedboth propionate and butyrate.
The overall growth of botBacteroidetesaind Firmicuteswas observed with the higher
administration of chitin and glucans. However, a decrease in the ratio c
Bacteroidetd&irmicuteswas observedvertime, withBacteroidetesaking more advantage
of the presence of chitin and glucaisnilarly, a randomizedperHabel crossver study
with 32 participants eating meat or mushroodgdricus bisporygiet reported a shift in
Bacteroideté&irmicutesatio in favar of Bacteroideteafter the mushroom consumption.
(Hess, Wang, Gould, & Slavin, 201Byrthermore, no differences in SCFA concentrations

were observelbetwea the two diets.
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1.6.5 /n Vitro Outcomes oPhenolicCompoundsrom Mycoprotein

The presence gthenoliccompounddrom fungal sourcesnd theirantioxidant activity
has been well described in the literaf@mgelini et al., 2019; Cheung, Cheung, & Ooi, 2003;
Elmastas, Isildak, Turkekul, & Temur, 2007; Puttaraju, Venkateshaiah, Dharmesh, Urs,
Somasundaram, 2006 henoliccompounds havalso beemeported topotentiallycontrol
the glycaemic responde et al., 2006; & & Wasser, 2011Dn the other handhe phenolic
acid relationshipvith atherosclerosis protection and bile acid excretion is still controversie
due to limitations in thé? vitroand murine modealused to study these effe@@hambers,

Day, Aboufarrag, & Kroon, 2019)

To date, there is only a study carried ouPbgkash and Namasivayam (20tha}
investigated the antioxidant activity of water and ¢t extracts with the 2Riphenyt
1picrylhydrazyl assathe antitumoral activity withn assay on Heg-<ell line, and the
cytotoxic effect was evaluated on peripheral human red blood cells. The ethanol extr:
showed a excellenscavenging actiyityhile both extracts demonstrateg@entantitumoral
activity and no cytotoxic activity was observed. The study revealed some prelmniasy
results orthe antioxidant, antitumoral and nagitotoxic activitgf MYC extractdut did not

identify any compounds améed further investigation

1.7 Potential Biochemical MchanismsUnderlying the Health

Effects

As discussed iprevioussectiors, foods rich in DF are often associated watiucingisk
factors forfoodrelateddiseasesuchas T2D and CVD. Several possible mechanisms have
been suggested that underpin thefiecton healthThe current knowledge suggests that DF

retain nutriens (low bioaccessibilijy increase viscosity in the gapd promote the
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binding/sequestration of digestive compond@imisse are the main mechanisms discussed in
thissectionand will be specifically investigated and discussed in the experiments carried «
on MYC in this thesisMoreover minor components such as phenolic acnith their
antioxidant propertiegSection1.6.5), or colonic fermentatiorthat producesSCFA and
microbial change$§éctionl.5.4) may play a role in promoting health effects

This thesis will not consider other fluced mechanisms that may lead to health

benefits such as hormonal regulation (Goff, Repin, Fabek, El Khoury, & Gidley, 2018)

1.7.1 Nutrient Bioaccessibility

The propertiesdescribed in thisectionare specific to Type | or Il cell wallEhe cell
wall of different plant sources has been showetéin nutrients anthe bioaccessibility of
nutrientsdepends on the intactness of the cell wklts instance, the behauroof the PCW
(mainly Type | wallsto act as an envelope with a crucial role in the control of enzyn
accessibility and nutrient release has been des¢@Goeddy, Wilde, Butterworth, Gya &
Ellis, 2015; Li, Zhang, & Dhital, 2019; Zahir, Fogliano, & Capuano,. FZy2@gssing such as
particle size reduct (Edwards, Warren, Milligan, Butterworth, & Ellis, 2@k4)ydrothermal
conditions(Pallares et al., 2018an alter the physicochemical properties of cell walis w
marked effects on the availability of nutrients. For instance, plant @msatrdg type Il cell
walls)that areruptured or fracturé by grinding, mastication, and cooking could effectively
increase the release and fatéent ohutrientdigestion(Grundy, Wilde, Butterworth, Gray, &
Ellis, 2015; Mandalari et al., 201@gll wall intactness and encapsulation effects on nutrier
bioavailability are now weBtablished in plants. On the contrary, little is kraevautFCW
and its fate durinGl digestion. Hence, differences in the cell wall structure between PCW al
FCW may result in the differential release of digested nutrients, with different physiological

hormonal consequences.
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1.7.1.1CellWall Encapsulation an@lissueStructure

Despite the barrier effect, the diffusion of enzymes through the PCW has bee
reported in the literatur¢Grundy et al., 2016)The permeability/porosity suggests that
enzymes can permedteough thecell walls to access the intracellular nutrients despite the
enveloping functiorSimilarly,the cell wall permeability/porosity in fuhgs been observed
(Walker et al., 20183nd could be aracial factor for the bioaccessibility of nutrients. The
structural and chemical differences in the layers can influence the diffusion rate of enzyr
through the cell wall. Furthermop#ant cells can be tightly packed together in tissues, bounc
togetheby polymers, whereas fungi, despite some agglomeration of the hyphae, tend to b
a more open structurghere the cells are largely separate from each dtmenrefore, the cell
surface area accessible to enzyeoal be higher in fungi compared to lsetontained in
plant tissues (Rige 1.6). The permeabilitiporosity may also be affected by digestive
processes that can increase the diameter of the pores or increase the diffusion of dige:
enzymes. Further investigation is required better to understand these mechanisms in k&

PCW and FCW.
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1.7.1.2Binding andSajuestrabn of DigestiveComponents

The binding of digestive components (e.g., enzametkile salt{BS) to DF is a
known mechanism thatan potentially modulate digestion and subsequent physiological
responses. Binding is often associatedssgestration, these two terms are usually used as
synonyms, but they should be considered two separate concepts. Binding implies a n
covalent or covalent interaction between molecules (egjprobein from the cell wall with
digestive enzymesh contrastsequestration may refer to the consequence of the binding or
entrapmentleadingo a reduced concentration, hence activity, of the bound compound from
solution. For instancehe physical entrapment of enzymes into the cell wall, or a viscous
matix of soluble fibe, does not necessarily involve binding. Eventually, more clarity betwee
binding and sequestration would be required in future studies to understand better t
mechanisms by whid&F modulates digestion.

In the case oBS binding by ibre, the interaction leads ttecreasederum LDL
cholesterol as the steroid bile acids are bound and eliminatedae@®Goel et al., 1998)
Consequently, the liver activates the endogectoalesterol catabolism to produce new bile
acids. Nonetheless, tiBS binding could be influenced by increased viscosity promoted by
DF (Zacherl, Eisner, & Engel, 201ds) the different solubility of the fiitself (Wang,
Onnagawa, Yoshie, & Suzuki, 20@i)e acidbinding and consequent sequestrahave
been examined extensively with plant sam@esness, Flanagan, & Gidley, 2010)
contrast, little is known dmow FCW or fungal components (e.g., protein or isolatee) fib
interact wittBS despite thénypocholesteraemic effects that have been reportedibyivo
studies$ectionl 6.3). Similarly, the binding of digestive enzymes has been observed in PCV
and FCW. Cellulose has been reported to bind the enayamaylase in a purified form or
as a component of wheat bran (with cell w@lsjal, Gidley, & Warren, 20153uggesting a

sequestratiomechanism more thannding
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1.7.2 Increased/iscosity in th&ut

Viscosity is generally defined as a physical property of fluids that show resistance to
or mathematically defined as the shearing stress ratio to the velocity gradient in a lig
(Viswanath, Ghosh, Prasad, Dutt, & Rani, 208@jne types of DF promote increased
viscosity in the GlThathas been extensively studied, especially inguardes, for its inverse
correlation with blood glucgsdipid-lowering effectsand enhancing satiet{Scazzina,
SiebenhandEhn, & Pellegrini, 2013)

The impact of fungal components on increasing viscosityfro and poentially
promoting health benefits has been describéd/bbyChiou, Weng, Yu, and Wang (2014)
The authors described the hypogbmic effects (adsorption of glucose, retéwd of glucose
diffusion, and reduction of tleeamylase activity) of hot water extragwsicularia polytricha
(wood ear mushroomyvhose viscosity was comparable to psyllium. Although the hot wate
extract showed a hypatggmic effectn vitrg it isunclear howfibre releas from the FCW
would have similar effects under physiological conditions. The release of sokibieniib
the food structure is a critical step ttetincrease the viscosity of digesta in the GIT, or the
food structure itself can also modulate visc&iityilarly exopolysaccharides obtained from
the culture broth oPhellinus baumghowedypoglycaemieffects in diabetic raslwang et
al., 2005)

Thus, viscosity might have a role in improving T2D as well as CVD. Several studies
plant sources have been reviewed. However, more studies on fungal cells are require
understand iDF can be released from the FCW and promote a viscosity inanebee3IT.
Besides, further work is required to understand the physical basis underlying the role
viscosity during digestion, specifically whether it is the viscosity of the whole digesta or |

areas of high viscosity capable of retarding digestion.
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1.8 Aims & Objective

The purpose of tIs thesiswasto use /7 vitro digestion approaches taovestigate the

behaviour oMYC during digestiofe.g.therelease ofomponentsand structural changies

the cellyandthe mechanisms underpinning the observed health impact promotdd Gy

consumption. Particular attention is givethédood matrix effeadf MYC (i.e., cell wa)land

the control othe release afs componentge.g., proteinandb-glucais)

Thisthesis hypothesise¢idat

1

The cell wall oMYC could resist mechanical processibereashe chemical
action of buffers and the diffusion of digestive enzymes through the cell wall c;
permittherelease oproteinfrom its structure

MYC components such asotein and cell wall can havplgysiological impact

on delaying/slowing dowecarbohydrate and lipid digestidny sequestering
enzymes (e.gpancreati@-amylaseand lipas¢ andcomponents of digestion
(e.g.BS).

The release ob-glucans was comparable with plant counterparts ddfing
digestio.

Minor compounds such as ergothioneine and phenolic compounds were
hypothesised tbe present withithe MYC matrix and potentiallpromote
health benefits.

The colonic fermentation dflYC produces SCFA andnduceshiftsin thegut

microbiota

The work described in this thesis was carried out at the Quadram Institute Bioscience

Norwich UK.
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The targes of thisthesiswvereto:

1 Determinghe mechanisms controllittge highproteinbioavailabilitpf MYC
/n vivoby investigating the protaieleasefrom the MYC matrix during simulatel Gl
digestiomandphysichor chemicatreatmentsThis work has been described in Chapter
3.

1 Discover the mechanisms underlying the reduced postprandial glucose ar
insulin responses promoted after MYC consumpbpevaluatinthe capacity dYC
in reducing carbohydratigestion? vitroby sequesteriragamylase. This work has been
described irChapter4.

1 Establisithe impact oMYC on lipid digestiorandthe resultingreduction of
blood lipids/n vivoby analysinghe ability of MYCto sequesteBS and redue lipase
activity/n vitra This work has been described in Chapter 5.

1 Analysdaherelease ob-glucans fronthe MYC cell walls during simulated Gl

digestionto consider if solublb-glucans can promote health effects in the upper GIT
and potentiallybe readily fermented in the colomhis work has been described in
Chapter 6.

1 Determinethe presence andelease of minor compounds froMYC to
understandf they may play a role in modulating health effects. This work has beel
described in Chapter. 7

1 Investigatehanges igutmicrobiota and metabolg@roductionduringMYC
colonic/n vitrofermentatiorto consider if these effects could impact human health (e.g.,

CVD and T2D prevention)This work has been described in Chapter 8.
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Chapter 2

General Materials &lethods
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Chapter2. General Materials & Methods

2.1 Materials

2.1.1 Chemical anReagents

The reagents used throughout the thesis are listed below. The chemical/reagents u

for specific experiments are reported inNtegerials 8Methods section of the corresponding
chapter.Triple Redultrapure water (Avidity SciendgdK) was used for prepag solutions
unless specified otherwise.

The following is a list ohemicalandreagents of standard analytical gmadehased
from Merck UK: NaOH (Catalogue No06203, NaCl (Catalogue NaS7653) pepsin from
porcine gastrimucosaCatalogue NdP7012), pancreatin from porcine pancre2atélogue
No. P7545), bile bovineCatalogue NoB3883), KCI Catalogue NoP3911), KHPO4
(Catalogue NoP0662), NaHCQ (Catalogue N0oS6014), Mg@(H20)e (Catalogue No.
M2670), (NH4»COs3 (Catalogue No0.207861), CaG{H20)2 (Catalogue N0.223506),
bicinchoninic acid assay kit (BCARj)adford reagenGatalogue NoB6919),bovine serum

albumin Catalogue Nd?0914)calcofluor whiteGGatalogue Ndl8909), fast greeGdtalogue

No. F7252) lactophenol cotton blue (Catalogue No. 61335), toluidine blue (Catalogue No

T3260),fluorescein isothiocyanate isomeZafalogue Nd=7250), phosphate buffered saline
(Catalogue No0.P4417), p-hydroxybenzoic acid hydraziqeAHBAH) (Catalogue No.
H9882), maltose monohydrateCétalogue No0.1375025 and Eppendorf Safelock
microcentrifuge tubg€atalogue No. T2795)

Other reagents were obtained from Thermo Fisher ScientifidtH8K(Catalogue No.
32033, NuUuPAGEE L DS s @atgogue Nd#x, KFO@7) (Nu P AGEE
reducing agenCatalogue Nol0X, NPOOO7)Nu P AGE E 1 igd2vigell gecasiels
(Cataloge No.NP0302B0OX), methano(Catalogue NoA4581),acetic acidCatalogue No.

984303)Mar k12 E Unst aCatawgue oLCoovd)Si chp( y Bl ue E
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(Catalogue NALC6065)Enz Che k E Ul t r a (Cataobua NoE33653 andy |
Owl E Smmihg BoXCatalogue NOOW -GSB?3).

Mushroomand yeasbetagucanassaxit (Catalogue N&K-YBGL 11/19)andr -gucan
assaykit (mixed linkage) Catalogue NoK-BGLU 08/18)were purchased from Megazyme

Ltd, Ireland.

2.1.2 Mycoprotein Samples

Marlow Foods LtdUK, providedmycoprotein MY C) at two different stages of the
production processA raw sampldeforeRNA depletion (RAWMYC) and afreezedried
powder (Figure 2.1)referred to as MYC that wasepared following RNA depletioaq
describd in Chapter 1, Section 1.2.Zrlhe RAW-MYC paste was extracted from the
fermentervesselnd subsequently freedeed or washe@® times with ultrgoure water and
freezedried atthe Quadram Institut@iosciencgW-RAW in Chapter 3)The MYC sample
was preparedtdifferent concentratior(e.g., 25%wt or 10%wt in unare water in Chapter
3,0r 100 20mg/mL in Chapter 4) or processed before simulated Gl digéstmpndigestion
to remove glycogen Chapter 4or sonicatedr homogenisetb redice the particle size
Chapter 3). MYC preparations will be described in the materials & methods section of ea
specific chapter. The different MYC preparationsbaged on the aim of the experiment

whichis specified in the corresponding chapter.

Figure 21. Freezadried MYC powder is the main sample used in the thesis experiments.
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2.2 Methods

This section describes the principle and application of the main methods used in th
thesis. The general protocols useuloughout the thesis are describemd specific

modifications are describedthre corresponding chapters.

2.2.1 In Vitro Smulation of Human @strointestindDigestion

The INFOGEST static/n vitro digestion(Minekus et al., 2014ims to provide a
harmonisednd comparable method far vitrofood digestionThis method, with or without
minor modifications/adaptations, was folldweoughout the project to understand the fate
of MYC and the bioaccessibility of its nutrients during Gl digestion, whicimmeaelthe
mechanisms underpinninige physiological observations in human studies

The smulated digestion was dividedio three steps: oral, gastric, and intestinal. The
simulated fluids were prepared 1.25x concentrated, according to Table 2.1, at pH 7.0, pH <

and pH 7.0 for the oral, gastric, and intestinal phases, respectively.

Table 21. Volume (mL) of each electrolyte solution thasincluded in 800 mL of concentrated
simulated fluid (1.25x) for each digestion phase (e.g., simulated salivary fluid (SSF), simulated gz
fluid (SGF) and simulated intestinal fluid (SIBgta fromMinekus et al. (2014)

Electrolytesolution

SSF(pH 7.0) | SGF (pH 3.0) SIF (pH 7.0)
(concentration)
KCI (0.5 M) 30.2 13.8 13.6
NaCl (2 M) - 23.6 19.2
KH2PO4 0.5 M) 7.4 1.8 1.6
NaHCO3 1 M) 136 25 85
MgCkb-(H20)6 (0.15 M) 1 0.8 2.2
(NH4)2CO3 (0.5 M) 0.12 1 -
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The volumes of simulated fluids and concentration of MYC sample to be digested vari
through this project and are specified in each specific chapter. The three phases of diges
were performeeitherusing a rotator (Graftio PTR-35, Grant Instrument$§JK) placed in
an incubator (Excella E24 incubator shaker series, New Brunswick Scientific, USA) to ke

the temperature at 37°C (Figure 2r2)ith theorbital shaker included in the incubator

Figure 2. Incubator (Excella E24 incubator shaker series, New Brunswick ScientifioyithSA)
GrantBio PTR-35rotator insidgGrant Instruments, UK

The oral phase was a quick step of 2 min used to simulate mastication of MYC wi
occasional use of a meat mincer (manual meat mincer and sausage makerlra&eland,
UK used for solid food such as chicken in Chaptar the presence of concentraf@d®5x)
simulated salivary fluid (SSF) and Céd€+0)6 0.3 M to achieve 0.75 mM in the final mixture
and adding the necessary amount of water to dilute the stock solution of SSF. The ba
coming from the oral phase was then mixed with a volume of tbent@ted SGF, Cacl

0.3 M, HCI 2M, ultrapure water and pepsin solution. These solutions were added to achiev
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2,000 U/mL pepsin, 0.075 mM CafCand 125« concentrated SGF at pHQO3n the final
mixture. The gastric step was carried out for 12037 . Then, the small intestinal step
was carried out by mixing the chyme from the gastric digestion with a volume of concentre
SIF, CaCl2 0.3 mM, NaOH 2 M, bile sa{BS)solution 16 mM, pancreatin solution and
ultrapure water. These solutions were addeathieve 0.3 mM CaCl2, 10 mB&, and 125
concentrated SIF at pHTin the final mixturePancreatin solution was added to reéth
100 U/mLTAME -unitfor trypsinwhichis one unit (U) thathydrolyses 1nmole of ptoluene
sulfonyiL-arginine methyl ester (TAME) perin at 25 , pH 8.2, in the presence of 0.01 M
calcium ionin the final mixture; and (2) 100 or 2,000 U/mL for lipagere 1 unit (U) is
equalto 1 umoé of NaOH or freefatty acid (FFA) titrated perin at 37 , pH 8.0, in the
final mixture

Also, individual pancreatic enzymes were used in Chagieosodtain the following
activitiestrypsin 100 U/mL TAME); chymotrypsin 25 U/mL (BTE#&nit, which stands for
one enzymeunit thathydrolyses 1 ymole of NbenzoyiL tyrosine ethyl estéBTEE) per min
at25 ,pH 7.8);a-amylase 200r 400U/mL (one unit of amylagelease$ umol of reducing
sugar equivalent to glucose per min under at,3H 6.9; lipase 2000 U/mL plus colipase
2:1 molarration colipase to lipase. The intestinal step was carried out for 1203in.

Several tubes were run in parallel during digesépnesenting the different time
points. The digestion was stopped at the established time points (15, 30, 60 amdfd20 mi
the gastric step and 5, 15, 30, 60 and 120 min for the intestinal) by adding NaOH 2 M to ree
pH 7.0 and pH 11.0 for gastric and intestinal phase, respectively. An example of simulated
digestion with 2.5 g of food, solutions added, and timespaikeén is represented in Figure

2.3.
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INFOGEST Static In vitro Digestion
Oral phase 5

2.5 g of food sample

2.25 mL SSF

12.5 pL CaClz (final concentration 0.75 mM)
0.24 mL water

Timepoints
Gastric phase

0 15 30 60 120 (min)
5 mL bolus
4.25 mL SGF

i

Timepoints
5 15 30 60 120 (min) U (undigested)

i i

2.5 pL CaClz (final concentration 0.075 mM)
0.1 mL HCI 2 M to reach pH 3.0

0.39 mL water

0.25 mL pepsin (final activity 2000 U/mL)

Small Intestinal phase
10 mL Chyme
4.25 mL SIF

20 pL CaClz (final concentration 0.3 mM)
1.25 mL bile salts (final concentration10 mM)
0.2 mLNaOH 2 Mto reach pH 7.0

1.78 mL water

2.5 mL pancreatin (final activity TAME)

Figure 23. An example of INFOGEST statio vitrodigestion with 2.5 g of starting food and the oral,
gastricand small intestinal phases. The simulated fluids, enzZB®asater, NaOH and HCI were
added based on the initial quantity of the food as descrilddohélus etl. (2014)

An updated version of the INFOGEST staticv/ifromethod for food digestion was
recentlypublished. This protocol offered new approaches for the oral phase and added tt
presence of gastric lipase for the digestion of lipid in the stdBractkorb et al., 2019)
However, gstric lipase was omitted in this thesis because the estimation of the total digest
of lipid from MYC was not the ultimate aitdence, the main goal of the experiments
involving the digestion ofl in water(O/W) emulsion in the presence of MY& Chaper 5
was to understand the direct impact of MYC structure on the enzyme lipageiaidre

on lipolysis in the small intestinal system where most of the lipid digestion takes place.
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2.2.2/n Vitro Smulation of Colonic Fermentation

The simulation oftte colonic fermentation was carried gutvfroby a static batch
method as described Wyilliams, Bosch, Boer, Verstegen, and Tamminga (201 )minor
modifications. This method was used to obtain information in a controlled system of tf
colonic fermentation of MYC when comparedatoontrol without substratnd oat and
chickencontrolsamples. Thig? vitromodel was selected since it jnieg a reproducible and
convenient method for obtaining preliminary colonic fermentation rédaltss, Edwards,

& Morrison, 2019) The colonic modelwas performeafterthe upper Glin vitrodigestion
(Section 2.2.1p simulate the MYC fate in the GIT completely.

The colonic fermentation of a control (CNT, faecal slurry without substrate), MYC, oa
bran(OAT), and chicken (CKN) was carriedt for 72 hin anaerobic vessdia duplicate)
with the media and the faecal slurry produced from the stools sEparatalonors.The

details of the procedure are specified in Chepter

2.2.3 Protein Analysis

The protein analysis aimed to determine and compareibkein release from the
MYC structure a@ér incubation with different buffers, extraction methods apghed; vitro
digestion. Protein analysis was carried out by colourimetric assays, which allowed re
estimation of the protein released from MYC ,aftd examplecompared the different
protein extraction methods (e.g., chemical or enzymatic) with the simulated Gl digestion
Chapter 3. This helpedetermine the mechanisms that caused or restricted protein releas
from the MYC structure. Moreover, the protein release and hydrolysis from the MYC matri
were determined qualitatively with sodium dodecyl sulphate polyacrylamide ¢
electrophoresis (SBRAGE) after /n vitro digestionand protein extraction methods. This

section provides an overview of the assays used and their advantages and disadvantages
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2.2.3.1 Bicinchoninic Acid Assay

The Bicinchoninic acidBCA) assayis a highly sensitiveolourimetric assay to
estimatehe protein concentration in a soluti@mith et al., 1985 he assay is compatible
with different bufferand reducing agents (eEthylenediaminetetraacetic a&dtazic ac)d
atalower concentratioand can determine protein ircancentratiomangefrom 0.5 pg/mL
to 1.5 mg/mLHowever, someeducing agentg.g. Dithiothreitol), copper chelating agents,
acidifiers, reducing sugars, lipids and phospholipais interfere with the accuracy of the
reaults The assaysed taequirealong incubation time from 30 min to 2but a new method
with 5 min incubation has been develofEtermo Fisher Scientific, Accessed: 24/11/2021)
Overall, he BCA method presents the advantages of being easy bavisg, great sensitivity
and less interference by other substatiegghe Bradford method Section 2.2.3.2)

BCA assays basedn the Biuret reaction in which the N groups of protein or
peptides, especially cysteine, tyrgsind tryptophaninteract \ith cupric cations (Ct) that
are reducedo cuprous cations (Gt) in an alkaline solution containing sodium potassium
tartrate. After this reaction, tB&€A can chelate the Gliions resultingn a purple colour

that can be measured (absorbance) ahBbg@rigure 2.4)
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Protein Protein/Cu2+comp|ex Cuprous ion Protein
L ] ® .
TR S . B W
L Ly - Hisllia e »
+ » i L J . —-ﬁ Cu + »- -8 - —
& 3 2
Cupricion Temperature
dependant reaction in
. alkaline solution +
Bicinchoninic Acid (BCA) sodium salt
= = gysteine, cystine, Py =
tyrosine, tryptophan 2[. - ]
BCA/copper complex

Purple
Aat 562 nm

SEA o

Figure 24. Schematic representation of €A assay principle for protein determination.

The assay was performed accordirtgeonanufacturer protocoh working reagent
was prepared witteagen® and B in proportion 50:1, respectively. Reagent Asadugion
containing sodium bicinchoninate sodium carbonate, sodium tartra@nd sodium
bicarbonate in 0. NaOH, while reagent B &solution containingfo (w/viupricsulphate
in distilled waterfor instance 50 mL ofReagent Avere mixed witii mL of Reagent B
Then, 10 L of bovine serum albumiliquid standardBSA)in a range of 1.6 0.2 mg/mL
or unknown samplesene pipetted into a 9@vells plate before addir20 nlL of working
reagent Samples were theimcubatel for 30 min at 37 . Absorbance was measured
spectrophotometrically at 562 nm in av@8Isultravioletvisible (UV/Vis)microplate bya

Benchmark PIUs plate readerRio-Rad, UK).
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2.2.3.2 Bradford Assay

The Bradford assay is a sensitivethod for estimating protein in thenge ofnrg
(Bradford, 1976)The advantageof this techniquarethe speed oéxecutionincubationof
10 min at room temperatureand the compatillity with differentbuffers,solvents, salts,
reducing agents, and chelating agem&eveythe assay inscompatible witlsurfactantgnd
single amino acid8A), peptides and low ntecular weight protein dmt reactNevertheless
this method has been provenlie helpful for the determination of high molecular weight
protein(Dale & Young, 1987; Hii & Herwig, 198®)oreover, the tyh sensitivity to basic and
aromaticAA (arginine, histidine, lysineay cause a high protéoprotein variation.

This methodis based on the principle that Coomassie Brilliant BlIeg5@
donates an electron to the protaihain, opening its stable structure and expcaiyg
hydrophobic domains that are then accessibbend with the dye. In the cationic form, the
dye binds specificaligrough ionic interactions or Van der Waals attractionsittesidues
(e.g.arginine, histidine and lysjrtbat switcasthe dyeto the anionic formwhichresulsin
a colour chargfrombrownred toabluethat can be measured spectrophotometrically at 595

nm (Figure 2.5)

Protein Coomassie Brilliant Blue (CBB) Protein/CBB complex
’ » i
- _'_,' + _> MAT - . &
‘ ‘ HC. 0. ne .\
TR, o
H By |

Figure 2. Schematic representation of the Bradford assay principle for protein determination.
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Briefly, 10nL of standard (BSAliquid) in a range of 1.80.2 mg/mLor unknown

sample were incubated with 280 of Bradford reagent for 1f@in in a fume cupboard at
room temperatureand then the absorbanoéstandard and test samples maasuredn a

96-wells micro@teat 595 nm with a Benchmark PiugV/Vis spectrophotometer.

2.2.3.3SDSPAGE

SDSPAGE is used to separate protebvased ontheir molecular weight. This
analytial technique i®ssential for thenderstanuhg of protein hydrolysis during digestion.
The principle of the technique is thatducing agentgsuch as2-mercaptoethanol or
dithiothreito) break the disulphide bonds of proteins, andium dodecyl sulphatets as a
detergent that unfolds anthslsthe intrinsic chrge ofthe R-groupsof protein bynegatively
chargngthe peptide chairlhen,proteins and peptides can migrate towards the anode under
an electric fieldhrough the porougpolyacrylamide gelFigure 2.6)The separation of the
different molecular weight proteingshiendependent on the pore size of the.gel

SDSPAGE was performed on samples after Gl digestion and according to th
manufacturer protocoBriefly,25mL of NUPAGE®LDS sample buffer (4x), 1. of sample
reducing agent (10and65ni of the sample werenixedfor 1020 s and heated at 70in a
water bath for 10 mim volume of50 L of NuPAGE® MES (20x) was prepared up to 1 L
of water and poured into the upper chamber of the; tlitdr making sure that thesereno
leaks, the lower chamber was fitleal A volume ofL0O-15nL per sample asloaded into the
NuPAGEE 1-Di%12Bell precastgel and after securing the lid to the tank and
attaching the power leads to the Z8@ual Power unit at the 250 V power supply, the run
was startedsing thdollowing conditions: Voltage 200 V, Current 350 mA, Wattage 100 W,

35 min. After the run, the gel was removed from the tank, transferredgelsianing box
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and incubated ovemint into a rocke2D digital shaker (IKA, Germanyjth a fixing solution
composed of 50% methanol and 10% acetic acid. The gel wa2rimses for Smin with
deionised water to remove any fixing solution residuals. Simply blue safe stain was added,
the gelwasplaced on a shakeorf2 h. The gel was rins&ltimesfor 5 min with deionised
waer to remove the blue stain from the background. Finally, the gel was scanneeB@@th GS
calibrated densitometer and images were acquired by QuantityDoAadlysis Software

version 4.6.1Biorad, UK)

Proteins with negative (-) g -S-S- : Disulfide bond
and positive (+) charges L ®
o) © 5-8-
[

e

Disulfide bonds are reduced Proteins are unfolded by
by 2-mercaptoethanol negatively charged SDS

v

The number of negative charges is proportional to the protein length

OO TDD L

Separation by @
molecular weight

Figure 26 Schematic representation of the SPSGE mechanism for protein hydrolysis and
molecular weight determination.
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2.2.4 Carbohydrate Analysis

The carbohydratanalysisaimed to understand if the cell wall in MYC samples can limit
the digestion of the intracellular glycogen and the actiatgroflase to digest starch. The
digestion of MYC glycogen and starch solution was determined quantitatiyely
hydroxybenzoiecid hydrazidgPAHBAH) assaywhilst the enzymatic activity of amylase was
determined withEnzCheR ultraamylase assay Kihe detailed procedure is specified in
Chapter 4). The analysis of tbheglucancontent with the Megazynigd kits aimed to
understand ib-glucans are released from cooked or uncooked MYC cellbefdiee and

after Gl digestion (the detailed procedure is specified in Chapter 6). The concentiation of
glucans released from MYC was compared to oat (OAT), barley (BAR), and white buttc

mushrooms (WBM).

2.2.4.1 Reducing Sugar Determination

The PAHBAH assay was firstly described_byer (1972ps a rapid, sensitive and
lowcost analytical technigte determine reducing sugars in a solutibme PAHBAH
compound iteracts withaducing sugaia an alkaline media that leads to the formation of
aromatic acid hydrazides, such dg/groxybenzoic acidvith a yellow color that can be
measuredpectrophotometricallgt 5 nm (Figure 2.7)A solutionof 5% (w/vPAHBAH
in HCI 0.5 mM is preparedand then diluted 1:10 with 0.5:\M NaOH. The PAHBAH
solutionneeds to b@repared freshly on thexperiment day due to the compound instability
in the solution.A series of standaregae produced in a range o000 uM to 200 uM from

dilutions of a 10 mM standardmfltose monohydrate preparegimosphatéuffered saline

(PBS.
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p-Hydroxybenzoic acid Reducing sugars Aromatic acid hydrazides
Hydrazide (PAHBAH) (e.g., maltose) (e.g., p-Hydroxybenzoic acid)
0N
~ CH.0H CHy0H OH
NH> a £
+ OH OH b (0]
OH o OH Temperature—dependant reaction
OH OH in alkaline environment HO
OH
Yellow
Aat 405 nm
=

Figure 2I. Schematic representation of the PAHBAH assay principle for reducing sugar:
determination.

Briefly, 100 pL of each standard or sampdes wixed withl mL of PAHBAH
solution in an EppenddtfSafelock tubethatwas boiled in a water bath famf. The tubes
wereallowed to cool abom temperature, and thésorbancevashen measured at 405 nm

by Benchmark PIUs UV/Vis spectrophotometer in a @6ell microplate.

2.2.4.2AlphaAmylaseActivityAssay

The EnzCheR Ultra Amylase Assay Kit is a tool for screening anadéisiy to test
for the presence anhibitors The assay is based on the reaction given by the digestion of
starch derivative¢ he DQE st glabeldd wthiBOBIRY? Fi tlyethat absorband
emits around 500 nm (Figure 2.Bluorescent fragmenése releasedhen he substrate is
hydrolysedby amylaseand can be quantifiesvith a fluorescence microplate reader.
Therefore, thancrease in fluorescenpeomoted by the fragments releasediftbe labelled
starch bya-amylase hydrolysis proportional tothe amylase activityThe details of the

procedure are specified in Chapter 4.
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Figure 28. Spectra ofibsorbance and fluorescence emission of BOBIPL dye Imageadapted
from the manufacturer protocol

2.2.4.3BetaGlucanContentAnalysis

The Association of Official Agricultural Chemists recogersasnatigyravimetric
methods to assess DF. Indeed, enzybased methodfor the determination of -glucars
have been described in both plants and fiMgCleary et al., 2006; McCleary & Draga, 2016)
The principle, despite procedural differences, involves the release of the fungallor plant
glucandrom the cell wad] which are then hydrolysed integlicose that is measuredhwit
glucose oxidase/peroxidasagent (GOPOD).

The b-glucan content was measured by the fkithh Megazyme Ltdlreland.
Mushroomand yeast betglucan assay k#étalogue Na<-YBGL11/19) was used fttYC
andwhite button mushroomsvhereas -glucan assay kit (mixed linkagegtalogue NoK-
BGL08/18) was used foatandbarley The details of the procedure are specified in Chapter
6.

2.2.5 Lipid Analysis
The analysis of lipid digestion aimed to determine the effect of MYC on the lipolysis c

anO/W emulsion and tributyrin (TBT), used as a control. Furthermore, the binding capacit
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of MYC to BS was determined during simulated GI digestion. The digestion rate of O/W
emulsion was measured thye pH-stat method, whereas the depletion of BS frolutisn,

and, therefore their binding to MYCwas determined by colourimetric assay. The specific
preparation of the O/W emulsion and the adapted conditions of simulated digestion

described in Chapter 5.

2.2.5.1 pHStat Technique

The pH-stat technique has been used widely to measure lipase activity and lip
digestion(Beisson, Tiss, Riviére, & Verger, 2000; Li, Hu, &\¢ments, 2011; Wilde,
Garciallatas, Lagarda, Haslam, & Grundy, 2018)principle is to maintain a constant pH
by automatically titrating acid or alkali and constantlytonioig pH, mixing,and temperature
in a closed system. The changes in pH are due to the reaction taking place in the system
releases ions 3" or OH". For instance, lipolysis of triacylglycerols and the consequen
release oFFA leads to alecrease in pH. Hence, small, known volumes of a diluted alkaline
solution such as NaOH 0.1 M are constantly titrated into the system to maintain the pH at t
desiredvalue. Therefore, the measured titration rate is assumed to be proportional to tt
reacion rate. This technique has been widely used to correlate the volume of NaOH adde
to the release oFFA generated from the lipid hydrolysis by lipg&eundy, Wilde,
Butterworth, Gray, & Ellis, 2015; Li, Hu, & McClements, 2011)

The lipolysisof O/W emulsion by pancreatic lipase (100 U/mL in the final mixture)
was carried ouh the small intestinatep of the INFOGEST protocol in the preserafe
MYC at 0 (control), 10, 20, or 30 mg/raiza pH-stat device KEM AF700(Kyoto electronics,
Japan)Figure 2.9)In like manner, the digestion of 0.5 mL of TBT was carriedirotite

small intestinadtep of the INFOGEST protocol ithe presencef MYC at 30 mg/mL.
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Figure 2. Image ofthe pH-stat deviccKEM AT-700 (Kyoto electronics, Japan) used in this
experimental thesis work.

2.2.5.2 Total Bile Acid Assay

The BS analysis was undertaken to understand the mechanisms by which MYC cot
influence lipid digestion (Chapter 6) through its ability to bind BS and tbeiréefluence
on lipid digestion. The freBS concentratiom the small intestinal step of tiNFOGEST
protocolwas determined by a colourimetric enzymatic kinetic assay using a total bile acids
(Dialab, Austria).

The test is based on the principle that BS in the presefb@&aNAD are converted
into 3ketosteroids and ThilADH (> 0.1 mM) by the enzyme3-a- hydroxysteroid

dehydrogenase 48HSD, >2 kU/ L) (Equation2.1). The3ketosteroidsn the presence of

NADH (> 0.1mM) can be converted again into BS and NABByHSD (Equation2.2).

Equation 21. Equation of theeaction of BS ithe presence of ThidlAD that are converted into 3

ketosteroids and ThillADH (> 0.1 mM) by the enzyme& hydroxysteroid dehydrogenasea¢3
HSD, >2 kUIL).

BS + Thio-NAD <3-2-HSD> 3-ketosteroids + Thio-NADH
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Equation 22. Equation of the reaction happening whé®®steroids are in the presence of NADH
(> 0.1 mM) and are converted again into BS and NADa#ASD.

3-ketosteroids + NADH <3-2-HSD> BS + NAD

The excesf NADH efficiently promoteshoth reaction Equation 21) and
(Equation 2.2), and eventuallythe rate of formation of ThidNADH is determined by
measuringhe specific change of absorbancé& nmwithaBenchmark PIUs plate reader

(Bio-Rad, UK). The details of the procedure are specified in Chapter 5.

2.2.6 DNAAnalysis

The analysis of DNA was carried twbbserve shifts in the microbial population of six
stool donors after 72 h @ vitrocolonic fermentation (Section 2.2.2) with MYC, OAT, and
CKN substrates. The DNA was extractetth the MP bio fast DNA spin kit for §gCatalogue
No. 1165602 (detal of the procedure are specified in Cha@eand samples were sent to

GenewiZuropean Headquarter&ermanyfor shotgun analysis.

2.2.6.1 Shotgun Metagenomics Sequencing

Shotgun metagenomics sequencing captures the micabraunityfrom a sample
at a given pointdifferently from otherapproacheghat typically study a single gene or
individual genomefChen & Pachter, 2005%hotgun metagenomic sequendggsed to
randomly sequence DNA strands within a given saifipdeeforeit allows samplirgjl genes
in all organisms present in a given complex sample. Compared to 16S rRNA gene sequenc
which provides information on diversity and relative abundance, shotgun metagenon
sequencing also offers insights fatactional genes. In general, &rotgun metagenomic

sequencing, samples are barcoded and mixed for sequencing, and the DNA within the san
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is sheared into smaller fragments and subsequently sequencedexsiggneration
sequencing The lllumina platform has becoma dominant technolagy for shotgun
metagenomics due to its wide availability, very high outputs (up to 1.5 Tb per run) and h
accuracy (error rate between-0%4). Multiple methods are available for the generation of
lllumina sequencing libraries, typically distinguishethdéynethod of fragmentation used
(Quince, Walker, Simpson, Loman, & Segata, 20E®y example transposaseased
tagmentation only require small DNA inputs (&.d@.ng of DNA). The tagmentation method
requires a subsequent PCR amplification step that may introdudecatigel biasesna the

GC content biases associated with PCR. Alternatively, to reduce these biasefsea PCR
method relying on physical fragmentation,(B@QRfree TruSeq) can be used to produce a
sequencing library that may be more representdtihe anderlying species composition in

a sampleThe complete details of the shotgun metagenomic sequencing and analysis

specified in Chaptes.

2.2.6.2 Microbial Community Profiling

High quality and trimmed reads are used to estimate the microbial compositio
profiles using MetaPhlAn v3.0(Beghini et al., 2021; Segata et al., 20¥2jaPhlAn
identifies the microbes and their abundance from metagenomic reads bygritagpito the
ChocoPhlAn database of unique clagecific marker genes. Clades are a group of organisms
andclads peci fic markers are coding sequence
genomes and are sufficiently different to any seqoetsgide the clade. The marker genes in
the database were identified from over 17,000 reference genomes from bacteria, arch:

viruses and eukaryot@eghini et al., 2021)
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2.2.7Metabolomic Analysis

The metabolomic analysis was carried out prthon nuclear magneticresonance
(NMR) and liquid chromatographmass spectromgtr (LGMS). NMR was used to
characterise the metabolites produced after the catonizofermentation of MYC (Chapter
8), compaedto OAT and CKN. LGMS was used for MY C protewith potentiaBSbinding
propertiescharacterisation (Chapter 5) and investigation of phenolic acids and ergothionei
within MYC, RAWMYC, and WBM cell walls beforand after simulated Gl digestion
(Chapter7).

NMR and LGMS techniqueare increasingly associated with the field of metabolomics
and the more recent foodomjaghich is considered a discipline that deals with the study of
food and nutritio(Capozzi & Bordoni, 2013){MR is excellentor analysing samples, liquid
or solid, without requiring gnchemical treatment before analysis, while MS requires
separating the metabolite from the sanipteugh separation techniques, such as liquid
chromatographyheforedetection and quantification. Although the sensitivity ot&nSe
considered highehan NMR (Emwas etlg 2019) the lattegives the advantage of beang

nondestructivéechniqugthe same sample canfeeovered andnalyged several times).

2.2.7.INMR Analysis

NMR is a powerful tool that defines thwlecular properéis of a samplelhis
technique isexcellent forexperimentsto determne the molecular profile, purity, and
molecular structuref unknown samplggiatzakis, 2019)

Admittedly a simplification, the main principle of NMRbased on the spins of atomic
nuclej similarto the spin of electronbluclei arecharged partictgdn motionthatdevelop a
magnetic fieldand vihen the nuclei with nereio spinsareplaced in a strong magnetic fjeld

these nuclemovefrom alower energy state to a higher energy. Stheeenergy absorbed
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during this transitiodepends orthe nucleus type antthe chemical environmen¥hen the
magnetic field iscreasegdthe excitation of nuclei is detected from one state to another, anc
induced voltage resuftem the absorption of energy from the radiofrequency field. The free
induction decain thetime domairprovides its equivalent frequency domain signd&ourier
transformation. The area under a peak is proportional to the number ofehaiging state,
andthe structure of a molecule can be determimedbserving the field strength at wiieh
protons absorb energ¥sinther, 2013)The use of NMR is widespread thanks to the
omnipresence of hydrogen atoms in organic molecules. However, sometimes the NN
spectra cabe crowdegdand theoverlapping of the signals can complicate the detectability of
some metabolite Therefore, an increase in resolution is desirable and can be achieved
using stronger magnets (up to 1 GHz for hydrogen atomsinmiementary 2D expenents

such as-kesolved (requiring longer analysis t)nfgsm, Choi, & Verpoorte, 2010 he

details of the procedure are specified in Chepter

2.2.7.2.C-MS Analysis

LC-MS is another excellent technique for determining metabQfii@s, Zhou, &
Ressom, 2012Dr Carlo deOliveiraMartins and Mr Mark Philo ¢formed the LEMS
experiments of Chapter 5 a@thapter 7 respectively

Admittedly a simplification, the main principle of-MS is the physical separation
based on liquid chromatography, which separates the molafcalikguidsolutionthanks to
two mmiscible phasdg.g. stationary and mobjleThen, itconvets amolecule to a charged
(ionised) stateThe ions and fragment ioqoduced by the ionisation process are then
analysd based ortheir mass to charge ratio (m/z). Several technologiesadlebla for
ionisation and ion analy¢GilbertLépez et al., 2017Dverall, LGMS has been widely used
in the field of foodomics and proteomics by offering a robust aratysistabolic profiling
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(Herrero, Sim¢6, GeiaCanas, llafez, & Cifuentes, 2012Yhe procedure details are
specified in Chapter 5 for protein characterisationGmapter 7for phenolic compounds

and ergothioneine analysis.

2.2.8Analysis oStructuralPhysicaProperties

The structural angbhysical properties ®YC wereanalysedo better understanthe
properties of the fungal cells and ttehaviouduring simulate&l digestionThis involved
particle size analysitieology,and microscopy imagin@his section describ¢he general

principlesand applications of the methodologies mentioned above

2.2.8.1 Particle Size Analysis

The particle size analysis of MYC or O/W emulsicas measured withparticle
size analysdrS13320 (Beckman Coulter, USA) (Figure 2.11) to determine the effect of
physical interventions and digestion on the MYC microstru@theestatic light scattering
method is based on th@inciple thatmonochromatidight from a laser that passes through
the samfe is then diffracted and captured by a photon detector (Figure PhEO¥izeand
refractive indewf the particleaninfluence the light scatterjgth small particles scattering
light at large angles vehilig particles scatter light at small an§katic light scattering allows
the determination of the size of a particle via the Mie theory, which deswibgsraction
between a homogeneous sphere and an electromagnetic planehigatieorypermits the
calculaion of the particle size digtutionbyassuming a voluregjuivalent sphere modaind

it is valid for all wavelengths andssaitgarticlegBeckman Coulter, Accessed: 06/07/2021)
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Sample

Scattering angle J

Correlator

Figure 210. Schematicepresentation of the basic principles of static laser light scattering.

With a refractive index value of 1.7, the scattering modatheasn through the
instrument software to determine the particle size distrib@it@nlight scatteringzas then
analged and reported as volume equivalent sphere diameégar (D,3). D4,3represents the
mean which considemass/volume as the basis for calculating the particle size distributiol
This has a higher sensitivity to the presence of large pani#ciése counterpart B2, which
instead considers the surface/volume to calculate particle size distribution, and it is m

sensitive to the presence of small particles.

\;n. » : ‘
Figure 211 Particle size analyser LS3Z (Beckman Coulter, USA) used in the experiments of this
thesis.
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2.2.8.2 Ultrasonication Process

Ultrasonication was performed watBranson Digital Sonifi€(Marshall Scientific,
USA) (Figure 2.12)or two primary purposes$l)to disrupt the MYC hyphae in Chapter 3
and determine the particle size reduction as well as the release of anot€®)o prepare
an O/W emulsion for the experiments related to the lipase activity of Chapter 5.

The principle of sonication is based thhe conversion of aelectrical signal into
physical vibratianThe emission osound wavegusually with frequencies of 20 kHz)
agitates particles in a solutaord promotes their disruptioihis methods often usedor
cell disruption, but it can alfielp mixsolutions, disseechemicalsand remove dissolved
gas from liquid¢Majid, Nayik, & Nanda, 2015etails on the sample preparation and
treatmat with ultrasonication will be discussed in Chapter 3 for disruption of MYC cells

and Chapter 5 for O/W emulsion preparation.

=

Figure 212. Branson Digital Sonifi@r(Marshall Scientific, USAused in theexperiments of this
thesis.

2.2.8.3 Rheological Analysis

Rheological experiments were carried out on the MYC digesta after simulate

digestion with or without gastric phase and with or without enzymes in Chapter 5 and on MY
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WBM, OAT, and BAR in Chapter6. For Chapter 5 experiments, the main aim was to
determine the impact of digestion on the sample viscosity that could potentially impact t
binding of BS. For Chapter 6 experiments, the viscosity analysis was carried out to obse
any potential correlan between the increase in viscosity with the releasglotans
following simulated Gl digestion. The sample loaded onto the rheometer and analysed will
specified in detail in the methods of Chapters 5 and 6.

Rheology is a branch of physics thatystbe flow of matter. Liquids and solids can
flow or elastically deform when a force or stress is applied. Different substarooesmath
microstructurs can be studied (e.qds, sludges, suspensions, polyséicatesfoods and
additivesandbodily fluidg (Abraham, SharikaMishra, & Thomas, 2017Jhe instruments
(i.e., rheometers) used to determine itheological properties afiese substances apply a
specifidorceor shear strege thesample that is measured in Pascal (force per unitthieea),
rheometer then determines the resultant deformation (strain) or flow (strairilnate)

viscosityy) is the tendency of the fluid to resist flow and is defin&dumtion 23.

Equation 23. Equation of viscosi{g) as a function of the shear stress divided by the strain rate

LS:

Rheologymeasurements of particle dispersioas be controlled by the particle
propertieof substancesuch as sizndshape Viscosity is inversely proportional to particle
size; increased particle size (for a given patiake volume) decreases the viscosity and vice
versa. However, a suspam of @rticleswith a large polydispersiiyide sizedistributior)
has more free space available tparticles of the same size (nharsizedistribution).The
free spacallows the smallgrarticles to move aroure larger particles, atite samplean

flow smoothy. Therefore,the resultantviscosity is lowefther properties can influence
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viscosity, such as the shape of the partiohegts particles have a low shear viscosity than
nonsmooth or elongated phcles tend to have lagh shear viscosigt rest but low shear
viscosity under stress when compdmedphericakize equivalent$analytical, Accessed
06/02/2020)

The rheological measurements were performed atimtrolled stresgheometer
(Advanced ARO0O0O,TA instruments, UKJFigure 2.13)sing a 60 mm-degree acrylic cone,
22mm truncation, and cone angle 0:59:21 (deg:min:sec). The rheological gortaisobsity
measurementvas set with the software Rheology Advantage lesir@uontrol AR V5.8.2
UK, and used in Chapteb and 6 The details of the procedure are specified in the respective

chapter.

0000088

Figure 213. Advanced AR000 rheometer supplied by TA Instruments, UK.

2.2.8.4Microscopy

Optical microscopy in brightfield and -fpiorescence modes were used in this thesis
to observe changes in the MYC structure after simulated Gl digestion (Chapter 3, 4, 5, 7),
release of MYC nutrients (Chapter 3 and 4), processinghygltechemical agents (Chapter

3), and interaction with O/W emulsion droplets (Chapter Cgnfocal laser scanning
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microscopy (CLSM) was used to determine the diffusion of fluoredabetlgda-amylase
through the MYC cell walls. Scanning Electronic Microscopy (SEM) was used to analyse
changes in the cooked or uncooked MYC cells with high magnification bedoadtean
simulated Gl digestion (Chapter 6).

Overall, microscopy is the technical field that allows us to see microscopic objet
that the naked eye cannot resolve. The microscope magnification helps define the structt
details of microorganisms, andahovary between the different microscopy techniques. For
example, the maximum magnification of optical microssasuallyaroundx1,500 and the
maximum resolution is 20@m, whereas an electron microscope can have a magnification c
x50Q000 and a redation as great as 0.1 nm.

Different dyes were used to help the optical visualisation of cellular compartmen
and characteristics of the MYC specimaih.dyeswork on the metachromasia principle
which involves the interaction of a dye with a spessiietor molecule thatoduces a colour
different from the original fromither thedyeor tissugSridharan & Shankar, 201R) order
to have aolour changeit is necessatg have arinteraction of a free electronegative group
of the sample with the dye. Tissue or substances which can interact with dye and gi\
metachromasia reaction are called chromotropesle 2.2shows a list of dyes used for all

the microscopy techniques usedhis thesis.
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Table 22. List of microscopy dyes with (acronyms), application, and staining properties. IN the tabl
B: Brightfield; EF: Epiluorescence wit®lympus BX60 microscope; *EF: Eftiorescence with
Zeiss Axio imager M2 fluorescence microsc@ieSM: Confocal.

Dye Application| Staining propertie Emission wavelength (ni
Lactophenol Cotton Blue B Internal cellular n/a
(LCB) structures
Toluidine Blue (TB) B Internalcellular n/a

structurescell wals

Lugol s sol u B Starch, glycoge n/a
Calcofluor White (CFW) EF, CLSM Cell walls 475
Evans Blue (EB) *EF Protein 680
Fast Green (FCF) *EF Protein 680
Fluorescein isothiocyanate| EF, CLSM Protein 515
isomer |

(FITC)

Lactophenolcotton blue (LCB) was used tetain the internatontent of the fungal
cell and it is visible for the brilliant bluish colour observable in brightfield (Raaga,
Shivaprakash, & Jayakeerthi, 200Bpluidine blue (TB) stains in purple mucins,
glycosaminoglycan aadlue colouris produceddue to the interaction with nucleic acids
(Sridhaan & Shankar, 2012)dine solution Il u g o | @ s) cas etairstarchiro anblue,
black or brown colour, depending on the nature of sté®chith & Zeeman, 2006pr
glycogen from fungi in a dark brown col(@uain & Tubb, 1983)Calcofluorwhite (CFW)
is a specifidluorescentdye forcell walls. The dyebsorts in a range of 300 to 412 nm
(Hageage & Harrington, 19840d emit at 475m (Berglund, Taffs, & Robertson, 1987)
Moreover, the presenas 0.5 gL* of Evansblue dye (EB) m the CFW solutionallows for
stainingorotein with excitation &0nm and emission &0nm (Saria & Lundberg, 1983)
Fastgeen FCF (FCH dye (excitation at 63tm andemission at 688m) and fluorescein

isothiocyanate isomélFITC) (excitation wavelengdt460 nmand emission waveleng#t
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515 nm) were alsaised to stain protein in red and grgespectivelgAuty, Twomey, Guinee,
& Mulvihill, 2001) FITC was also used for the labelling -afhvaylase irfChapter 4, Section

434.1.

Optical Microscopy

An Olympus BX60microscope Qlympus, Japan coupledwith a Jenoptik
ProgRes CH¥scamerawasused in brightfield anepifluorescent moden contrasta Zeiss
Axio imager MZluorescencenicroscopdCarl Zeiss AG, GermanyyithAxiocam mRm R3
camerawasusedfor epHluorescencenly. Both microscopes wength orwithout different
dyes(Table 2.2}o qualitativelynvestigate the effectwdrious treatments applied to MYC.
Figure 2.14hows the principles of the brightfialdd epifluorescenceechniques that are

discussed individually in the following sections.

Brightfield

[ i
Objective ’3 Phase-plate .. ivstion filter —g |

Epi-Fluorescence

Emission filter

lens la— Diffracted light  |ight source
~ 7 Unobstructed light @ Dichroic filter
=3B Specimen ’
<~ Condenser lens Objective |
lens ‘
<5 Obstruction I
%@ Lightsource _Q Specimen

Figure 214. Schematic representation of the principles of optical microseopgique used in
brightfield (left) or edluorescence (right).
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Brightfield Microscopy

Brightfield microscopy is a basic microscopy illumination technique in whick
the sample is illuminated from below and observed from above. The white light passes throt
obstruction and a lens called a condenser before reaching the sample, where atbjects

absorb or attenuate the light are viewed as darker and contrasted with the bright backgrot

EpiFluorescence Microscopy

The epifluorescence technique is also defined asfieidefluorescence as a
specific wavelength illuminates the whole saifipéebasic principle of fluorescence involves
the emission of fluorescent light from an object that has been previously excited by absor
light or electromagnetic radiation. The light source passes through an excitation filter t
selects a specific wength (or wavelengths) and illuminates the specimen after reflectin
through a dichroic mirror into the objective lens. Then, the sample absorbs the light, and t
active fluorophores in the sample emit an excitatory light that passes through the sz
objective lens and reach the eyepiece and detector. Emission filters select out the waveler

of the fluorescently emitted light from the light reflected from the sample.

Confocal Laser Scanning Microscopy

CLSM was performed with a Zeiss LSM880 witlyssian, and micrographs
were acquired with an Axioce803 mono camera (Carl Zeiss AG, Germadl M is based
on the principle of fluorescence emitted by a specimen when excited, but the main differer
with the widdield fluorescence of the dhiorescene technique is that the whole specimen
is not completely illuminated. Indeed, CLSM uses a configuration with point illumination an
a pinhole that focuses the incident light on a minor focal point (Figure 2.15). This focal poi

is scanned across the whehmple field to assemble an image with a tiny focal plane. Thi:
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allows the technique to produce a focussed signal that reduces the unfocussed backgrounc
to the illumination on the whole specimen, resulting in a high optical resolution of the imac
Another advantage of CLSM is thaveral optical planean be scanned asthcled using
Z-stackdeconvolution softwan€arl ZeissAG, Germany) The latter can help visuali3P
objectsand, therefore, the depth of the specin&averal lasers and emission/excitationdilter
associated with several dyes can be used simultaneously. This makes possible the analy
different cellular compartments and componehte details of the procede are specified

in Chapter 4.

Concfocal pinholes

|
Excitation
»
-

|
|
i
W Emission

Objective )
Specimen

Focal point

Figure 215 Schematic representation of the principles of CLSM microscopy.

Scanning Electronic Microscopy

SEM is a valuable tool for analysing food structures and food processing
(Morris & Groves, 2013; Sharma & Bhardwaj, 2@®BKathryn Cross performed the SEM
analysisit the John Innes Cert UK.

SEM can providemage of the surface of small features or objettsa
high-quality and spatial resolution of 1.nhhe principle is based on the uséhighenergy

electrors that are pointed to a samplenelautcomingelectrons/Xays are analydeo
82| Page



Chapter2. General Materials & Methods

determinethe observed material topography, morphology, composition, and orientation
(Akhtar, Khan, Khan, & Asiri, 2018} lectrons propagate with musimaller wavelength
than optical light, resulting in higldgtaied and magnified imageBhe details of the

procedure arspecified in Chapter 6.
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Chapter3

Protein Release from Mycoprotein Matrix During
/n VitroGastrointestinal Digestibn

A This chapter i s bexiswedhanosoripolostmo,pMateh,i s h e c

Finnigan, and Wilde (202@ood Chemistry 330 (2020) 127252
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3.1 Introduction

The recent literatureoncerningorotein fromthe mycoprotein (MY Chnatrix in clinical
trials has shown a high bioavailability, stimulating a robust anabolic réSpaige et al.,
2017; Monteyne et al., 2020pe fungalell wall§FCW) of MYCmay have some similarities
with plant cell walls. Regardless of species, plant cel(R@W) haveshown to be highly
effective at controlling tlaecessibilitgf enzymeso intracellular substratasd the digestion
and release of nutrients. These effects result in nutrients being physically encapsulated in
the food structuréBhattarai, Dhital, Mense, Gidley, & Shi, 2018; Ellis et al., 2004; Grundy,
Wilde, Butterworth, Gray, & Ellis, 2019)he delayed or sustained release of nutrients due
to thar encapsulation within the cell wall could potentially induce an increase in satie
signalling and decrease the glycaeespons€Wilde, 2009)

On the other hand, the fungal cell wall has been described as more (Badsbel,

Klis, Priem, Munnik, & Van Den Ende, 1990; Walker et al., 20th8)ecularly mordynamic

and flexible compared tBCW (Kang et al., 2018)hus, it is possible to consider that
enzymes could diffuse through thagalcell walldue toits porosity/permeabilignddigest

the intracellular nutrientd his effectmay depend on the intactness of the cell walls, in a
similar way as observed with plg@sindy et al., 2016Although more flexible thaARCW

to support structural growtkCW have also been found to cantdar more covalent
intermolecular crosslinkban PCW, which caprovide more resilience to environmental
stresgKang et al., 2018)

However, the mechanisms of protein bioavailability in fungal cells are not full
understod. Underpinning the biochemical mechanisms behind the high protein release ar
absorption from fungal cells is the key to developing new products manufactured for differe
nutritional outcomes (e.g., high release and fast absoptiGtowrelease and @l

absorption).In this chapter, the mechanisms underlying protein release from W&Y&
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proposed Protein release was investigated by bicinchonini¢ECil) and Bradford assays
after protein extraction methqdscluding mechanicathemicaland physical processjng
assesthe disrupton of the cell walls. In the same way, the release of protein was evaluate
after enzymatic digestionsing cellwalldegradingenzymes Qiriselas€ ) asimdlated
gastrointestinal3() digestion following ¢hINFOGEST staticin vitro digestion method
(Minekus et al., 2014Qualitative analysis of the cell wall integrity and release of cellula
components was performed by optical microscopy in brightfield afidogpscence mode

and fluorescence microscopy. Beyond thajium dodecyl sulphate polyacrylamide gel
electrophoesis $DSPAGE) analysis was carried out to determine protein hydrolysis, and
static laser light scattering was performed to determine the effect of the different methods

the particle size of thdYC hyphae.

3.2 Materials & Methods

3.2.1 Materials

32.1.1 Chemicals arfi@eagents

The specific reagents used in this chapter are specified below, while the comm
materials to other chapters are listed in Chapter 2, Sectibn 2.

All reagents were of analytical grade pocthased fromMerck, UK unless
otherwisestated Urea (Catalogue Nol6504), NHC| (Catalogue NoA9434), thiourea
(Catalogue No0.T8656), 3J[(3-Cholamidopropyl) dimethylammonidjpropane sulfonate
hydrate(CHAPS) Catalogue Na226947), triton XCatalogue NoX100), solidglass beads
borosilicate (1 mm)Qatalogue NoZ273619)Dr i sel aseE (Catal ogu

SimplyBlueE Saf eSt ai TherfpoFsheaScientfit/). No . LCG6
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3.2.1.2 Mycoprtein Samples

Freshly harvestedYC goes through heat treatmént68 followed bya quick
increase to 90) (Wiebe, 2002)o reduce the free RNA contef@hapter 1, Sectioh?2.2).
MYC was provided Yo Marlow Foods LtdUK, at two different stages of the production
processas described in Chapter 2, Sectich2(1) araw sample prior to RNA depletion
(RAW-MYC) and(2) a freezalried powder prepared following RNA depletion (MYC).

The freezedried MYC powderwasprepared at 25 wt%r 10 wt%with ultrapure
water andhe resulting samples aederredto in the text as MYC28r MYC10, respectively
These samplswerealso ultrasonicatedvith aBranson Digital Sonifi&(Marshall Scientific,
USA) withten cycles of 1@ ultrasonication (70% amplitude) and 20@est These samples
are referred to agYC25/SONand MYC10/SON

RAW-MYC25 wagprepared at 25 wit¥ith ultrapure water angreferredto in the
text asRAW-MYC25, or washed3 times with ultrgpure water, centrifuged af8@0 xg
(Heraeus Megafuge 16 Germany)for 10 min, and freezdried (yoDry Compact,
Mechatech, UK) foB days. This washed and dried powderpregared at 25 wt¥ithultra:

pure watebefore digestion and is referred to asRWW-MYC25.

3.2.2 Methods

3.2.2.1 Simulate@astrointestindbigestion

The digestionwascarried out following the INFOGEST statie vitro digestion
method for fooddescribed in Chapter 2, secti®a.1.

The digestion was carried out with 2.5 g of fand.(MYC25wvasprepared with
0.625 gof MYC powderplus 1.875 mL of ultraure waterwith a totatligestaszolume of 10
mL for the gastric stegnd 20 mL forthe intestinalSamples wereollected at the established

time points(i.e., 15, 30, 6&and120 min for the gastric stepherea$, 15, 30, 60and120
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min for the intestinal stegorrespon to 125, 135, 150, 180, 240 min in Figure 3.3 and 3.8B)
The undigested (U in Figure 3.3) gdenwas the control without enzymes that went through
all the GI simulated digestiofhe enzymeactivity was stopped by addihiyl NaOH to
reach pH 70 in thegastric timg@oints and pH 1D in the samples frorthe small intestinal
phase Afterwards, the samples were centrifugeBa0xgfor 10 min and the supernatant
was immediately stored-20 until protein analysisn contrastthe pellet was stored at 4

and used on the same day of the experiment for microscopy and partehalsigis.

3.2.2.2 ProteilQuantification

Quantitative protein analysis was performeblidigichoninic acid assayGA) and
Bradford assaydescribed in Chapter 2 (Sections 2R.and 2.2.2, respective)y The
absorbances @ r i s e solati®rg fepsin and pancreatin were measured separately by BC/
assay as baseline values at the same concentration used at the beginniimg vafahe
digestions and subtracted from the values obtained from the BCA assay of the diges

samples.

Chemtal Extraction ofProtein

The chemical bufferto facilitate protein release from MYC samgieseported
in Table3.1.

The MYC25 or MYC10was stirred for 2 min with the chemical buffer using a vortex
mixer and incubated for 120 min at room temperature. After the incubation, differen
methods for microstructural disruptionwere performed on MYEZ5 or MYC10
Homogenisationyltrasonication ath glas®eadgrinding methodwereappliedto release the

protein from the MYC hyphae
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Table 31. Composition of the chemical buffers used for protein extraction.

Control Triton x-100 Urea
Ultrajpure water Tris-HCI 50 mM (pH 8.0) Urea 7 M
- NaCl 150 mM Thiourea 2 M
- Triton X-100 1% CHAPS 2%

Homogenisation was performeddnUltra-turrax T-25 (IKA, Germany)t7,000xg
for 1 min, as @reatment for more thanrhin led to a large foam productidgitra-sanication
was performedisinga Branson Digital Soniffe(Marshall Scientific, USAor threecycles
of 10 s all0% amplitudend20srest The glass beads used for grinding had a diameter of 1
mm, and they weradded to the sample previously incubated with b(Fggsle 3.1)and
stirredby a vortexmixer for 3 min in order to reduce the particle sibeeak the cells, and
permit the release of the cell congent

The incubated and treated samples were then centrifug@d@akgfor 10 min at
4 to separate the insoluble pare( pellet) from the solublei.€., supernatant)The
supernatant was stored2t for further analysis €., totaproteincontent ad SDSPAGE),
whereaghe pellet was stored at 4and analysed on the same d&yhe experimen(.e.,

microscopyandparticle size analysis).

Enzymatic&xtraction ofProtein

Driselas€ buffer wagprepared witt6%Driselas& a ¢ ¢ daVWiebeneg al.
(1997) and incubated with MYC10 and MYC2vortexmixed for 2 min beforeeing
incubded for 120 min at room temperature in a rotatdxer at20 rpm. After the incubation,
no otherextraction methodsere performed on MYCandthe samples were centrifugedl

stored in the same way as describéldaprevioussection dChemical extractioof proteird.
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3.2.2.3 Structural Analysis

Brightfield & EpiFluorescence Microscopy

Brightfield and epFluorescence microscopy were performed using an Olympus
BX60 optical microscope (Olympus, Japan), and micrographs were acquired with Jenopiti
ProgRes CHYS camera (Jenoptik AG, Germanigpr brightfield microscopyadtophenol
cottonblue (LCB) was used in proportion 2dlthe sampléo stain the intracellular content
of MYC. Toluidine blue (TB) at 5% was usead proportion 2:1 to the samplgo stain
glycated protein of MYC cell wallalcofluomhite staiflCFW) was useth proportion2:1
to the sampléo stain the cell walls of MYEpi-fluorescence wamerformed with th&VvU
fluorescence cub&306385 nm, barrier filter 430 nm.

A Zeiss Axiamager M2 microscope was used for fluorescence microscopy, ant
micrographs were acquired by Axiocam mRm R3 camera (Carl Zeiss AG, Germany
Excitation for cell wall fibressained with CFWvas at 376410 nm and emission at 43670
nm. Moreover, thadditionof Evan bluekB) dyeat 0.5 g/L in CFW allowestainingprotein
with excitation at 62555 nm and emission at 66612 nm. Fageen FCF stairHCF and
Fluorescein isothiocyanate isomer (FITC) were used to stain protezd and green
respectively (Auty, Twomey, Guinee & Mulvihill, 2001; Lanz, Gregor, Slavik & Kotyk, 1997
FCF and FITC were dilutedt 1:100with waterand incubated in proportion 2tb MYC
hyphae for 5 min at room temperature. Excitation and emisgamira wergespectively 625

-655 nm and 665712 nm for FG and 47530 nm and 556100 nm for FITC.

ParticleSze Analysis

The patrticle size was measured using static laser light scatteripgnidle size

analyseLS 13320(Beckman Coulter, USA). The analysis was carried outausiogel with
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a refractive index of 1.7. The samples analysedthegelles of MYC25 thatunderwent
different processings illustrated in Figure 3.8A)incubated with ultrpure water (conit);
(2) incubatedwith waterand furtherly homogenisg(B) grounded witlglass beadand (4)
ultrassonicated. Furthermore, the particle sizheMYC25 and MYC25/SONsamplesvas

analysedluring simulated Gdligestion(Figure 3.8B)

3.22.4Data Analysis

Statistical analysis was performed with GraphPad Prism version 5 for Windov
(GraphPad Softward&JSA) and Jamovi version 1.Australia (Jamovi project, 2019pr
Threeway ANOVA (Figured.1A); statistical significance was setvalye < 0.05For the
protein releasemeasurement@~igure 3.1, 3.3 and 3.4)gluesvere expressed as average *
standard deviation (SD) of threelependentmeasures (i 3). The posthoc analysis is

specified in the description of the corresponding figghexe applicable

3.3 Results & Discussion

3.3.1 Effect of Protein Extraction Methodand CelFWall-Degrading

Enzymes

Analyses were undertaken to determine the effect of different processing in the over
protein content released from the MYC samples and investigate the role of the cell wall
controlling protein bioaccessibilityhe relege of protein was measured to determine the
effects of the chemidaliffer (i.e., Triton X100 or ureapnd mechanical/physical processing
(i.e., homogenisation, glass beads andadtrigation)on protein bioaccessibility from the
twoMYC formulationg(i.e.,MYC25 and MYC10n Figure3.1A). Furthermore, the release

of protein fromthese two MYQormulations was determinedter incubation with ceNall
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degradingenzymes i . e . , MFigure 321 B) sasdecBmparedo the most efficient
physicechemicalmethod that released the highest amount of proteinurea plus ultra
sonicationin Figure 3.1A).

Figure3.1A shows the protein released from MYC25 and MYC10 incubated for 120
min (INC) with ultrapure wateas a controlCNT), triton X-100, urea solutions and further
followed by homogenisatioMNC + HOMO ), glasbeads grindingNC + GB), or ultra
sonication INC + SON). The mechanical/physical processing alone appeared to have n
effect per seon protein bioaccessibility. The cans of each categorye(, the samples
incubated with ultrppure water) did not show any significant change between the differer
methods applied, but thgresenceof chemical solutions in conjunction with the treatments
showedan increase in the yield pfoteinreleasedOverall, his suggests that the hyptell
walls acted as an efficient barrier toilngiprotein releasend were resistant to harsh physical
treatmentsThis resistance might dee to the extensive covalent crosslinks betweeelthe
wall polymergKang et al., 2018)rea with ultrasonication was the most efficient method as
it promoted the highest amount of protein reledbe differentMYC concentrations did not
affect the proportion of protein lemsed in any physical treatments, suggesting that the
extraction efficiency was not limited by the ranyéY& concentratios studied here.

However, MYC10 had a statistically significantly higioéein release thaMYC25
following the use ddriselas& (pvalue <0.01DriselasE cont ai ns a mi xt
including xylanase, cellulase and laminarinase. It has been shown in thePasitlate | a s
could promote a more efficient protoplast release &WWC compared to other enzymes
(Wiebe et al., 1997Figure3.1B shows a statistically significant differene@l(@ < 0.01)
between the twdYC formulations incubated witBriselas& buffer, with the highest
proportion of protein released from the less concentrated MY®htpared ttYC25.The

effect of solten(@Rin Bigule 8.5Byv&s comparable the treatment of
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ureacombinedwith ultrasonication showing statistically significant difference between the
two MYC25 samples only-jalue < 0.01). These results suggested that a high concentratic
of MYC hyphaereducedthe protein released from the MY&@ructure Considering thahe
physical extraction was not dependent on MYC concentration, this result would suggest
interaction between the enzymes and the MYC struotuttee activity of the enzymesuld

have beesaturatediue tothe highest concentrationtbésubstrat¢CornishBowden, 2012)
Moreover,the ratio ofMYC to enzymeconcentrationcould be an important factor that

controlsprotein releae/n vitra
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Figure3.1. Protein releaséwt%)from the total protein oMYC samples after chemical, mechanical
and enzymatic extraction methoigure 3.1Aprotein releaséom MYC25 and MYC10 after 120

min of incubation (INC) with ultgaure wateas a contralCNT), triton X-100 solution, urea solution

and application of homogenisation (INC + HOMO), gleessds grinding (INC + GB), ulsanication

(INC + SON)ithreeway ANOVA, T utest(pvé@lue < @.abxifure B.1Bprotein release

from MYC samples after treatment with Driséfagriffer (DRI) for 120 min and comparison with
incubation with ultdaure water (CNT), and ultsonication plus incubatiomith urea solution; ore
way ANOVA Tuk ey dsalugo&0b); valwes with diffetent letiers are statistically
significant
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3.3.2 Visualisationof Mycoprotein Hyphae After Protein Extraction

Methodsand CelFWall-Degrading=Enzymes

The microscpy analysis of this section was carried outiglytfield, epfluorescence
and fluorescenceechniques. Figure 3.2 shas effects of thphysicechemicalkextraction
methods (Figur8.1A) and cellvalldegradinggnzymesHKigure 31B) on MYC structure ad
cellular integrity.

Figure3.2A shows optical micrographs of MYC25 hyphae obtained after incubatior
with urea solutiorlfIC: Figure 3.2Aa, b, c), incubation plus homogenisatibi€(+ HOMO:
Figure Ad, e, f), glass bead grindilgq + GB: Figure 3.2Ag, h, i) and ultrgonication
(INC +SON: Figure 3.24, k, I). The fungal hyphae westained entirelin all the treatments
using thalyes (LCB, TB or CFW). This indicated that the cell walls were fully encapsulatin
their contents with napparentsigns of damage, despite the release of protein measured b
theBCA assay (FiguB1A). The long and compact hyphal structures visible in the incubation
with urea (INC: Figure 3.2A a, b, c) were less present in INC + HOMO, INC + GB and INC
+ SON.

Figure3.2B shows optical micrograpbsMYC25 and MYC10 hyphae before (control)
and after incubation wibriselas& buffer(MYC25 and MYC10). Differently from the urea
solution incubation (Figui®2A), the fungal hyphae appeared to be damaged and took up
lessdyewhen stained by LCB (Figus&B d, g) and TB (Figurd.2B e, h). Likewise, CFW
stains showed a less smooth surface in MYC25 (Bi@l#f and a digested mass in MYC10
(Figure3.2Bi, j) canpared to the control (Figu®2B c). This observation supported the
hypothesis that the digestion of the cell wall fibore was more effective in the less concentr:
formulation which was suggested by the higher protein rdiga3gselas& buffer from

MYC10thanMYC25 (Figure8.1B, pvalue <0.01).
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Figure 3. MYC hyphae visualisation after extraction metHeigare 3.2A0Optical micrographs of
MYC25 after incubation (INC: a, b, c), incubation plus homogenisation (INC + HOMO: d, g, f), glas
bead grinding (INC + GB: g, h, i), and uftemication (INC + SON: j, k, I) with urea solutiBigure

3.2B MYC hyphae visualisaticafter Driselade buffer incubation; MYC25 and MYC10 before
(Control: a, b, c) and after incubation with Dris€lageiffer (MYC25: d, e, f; MYC10: g, h, i, j).
Brightfield mode with lactophenol cotton blue stain (LCB) and toluidine blue stain (TB}xdarae

and epifluorescence mode with calcofluor white st&B{CFW + EB).
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Furthermore, thériselas& bufferincubation showed an enclosure of protein within
the digested fungal cell welliB.in the CFW dye stained for protasulted irred/pink spts
inside the digested cell walls matrix stained in blue (Big&p. Thereforethe Driselasé
buffer effectively digestétke cell walls, but some protein appeared to remain trapped within
the pellet and was not fully bioaccessible. Despite #igrdtein quantification kdile BCA
assaghowed an amount pfotein released that is similar to treatment ofncubation with

ureacombined withultrasonication (Figurd.1B).

3.3.3 Effect ofn VitroGastrointestindbigestion

Simulated digestion of the humdal tract was performed on differeMYC
formulationgi.e., MYC 25 and MYC1@d determine th@rimaryfactors and conditions that
facilitated protein bioaccessibility from the hyphal strudtigere 33A showsthe proten
releasefrom MYC25, MYC10, MYC25/SON and MYC10/SON durirggmulated Gl
digestion. It is possible to see onlgniaor increasing trend of protein release during the
simulated gastric phastowever, he changeover from gastric to small intestinal phasedca
an increment of protein released in all the digestiemsexample, theotalprotein release in
MYC10 increased from 23.10 = 2.59 wt% in the gastric step to 33.88 wt% in the
intestinal (pralue < 0.05) (Figure 3.3A)he gastric phase behaviour of MYC10 was
comparable to MYC10/SOMut the ultrasonication promoted a faster protein release rate
(pvalue < 0.0001) compared to MY Gahe first 5 min of the smahtestinal phas@verall,
the small intestinal phasiene pointswere comparable between the samples at the same
concentration, irrespective of uls@nication.Nonetheless, Itrasonicationincreasedhe
release of protein in the gastric phase of M0f8R2N to becane comparable to the less

concentrated formulations.
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Figure 3. Protein release from MYC samples after simulated Gl dig€stiead on thetalMYC
protein content of 44% DW, Table 1.1 of Chapte®éction 1.2.3Figure 3.5Aprotein releasom
MYC25, MYC25/SON, MYC10, MYC10/SON during vitrodigestiontwoway ANOVA, Du
post hoc test (palue < 0.05Figure 3.3Bsmall intestinal phase of MYC25 digested with pancreatin
and individual esymes (trypsin, chymotrypsar trypsin + chymotrypsin), aiigure 3.3Cgastric

and small intestinal phases of MYC25, RAMYC25 and WRAW-MYC25, oneway ANOVA,
Dunnett ds pvalsek 0.06Figure3.80smhall igtgstinal phase of MYC25 witlepious
gastric digestion (gastric (+)) or without (gagdridUgpaired test, (pvalue < 0.05)Statistical
significance levels atiscusseth thetext.U: undigested samp{eontrol without enzymes).

It has been shown that the reduced particle size in nanomaterials can increase the cor
surfacgSuttiponparnit et al., 201@imilarly ultrasonicatiorcanincrease the contact surface
of the filamentous cells by reducing the particle @mkthiscan facilitatdasteraccess of
erzymesin the cells and promote more rapid protein rele&@sspite this difference, the
overall protein concentration at the end of the small intestinal phase was corhpavable
MYC10 and MYC10/SON These results are similar the urea extraction plusltra
sonicationFigure3.1A), suggesting that physical processing is not crucial for protein releas
but could have minor effects (e.g., protein digestion kinetics). On the other hand, the optin

MYC/enzymes ratidid seem to be a critical factor tlcain control the release of protein,
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similar to what wasbserved with the cellalldegradingenzymes incubation (Figu3€.B).
Hence, the less concentrated MYC10 samples had a significantly higher proportion of prot:
released (palue < 0.0001) at the@dpoints of the intestinal phase compared to the more
concentrated MYC25 formulation.

Furthermore, to understand the role of different digestion stages, the use of the isola
small intestinal proteases trypsin and chymotrypsin was studietheargbults were
comparable tovhen pancreatinwas usedFigure 3B). The digestion of MYC2&bising
individual enzymesuch agshymotrypsirandtrypsinindividually oboth enzymes combined
showed some kinetic differences in the protein release in thedfirsh3but comparable
results to the digestion with pancreatin in the last thregotimes (.e., 30, 60, 120 min).
Therefore,it is possible t@onclude that the pancreatic enzymes are the main factors tha
facilitate protein bioaccessibility from tlgplnal structure d1YC duringGl digestion.

Figure 33C describes therotein release ratfrom the untreated paste RAMYC25
and W-RAW-MYC25,comparedo MYC25. The undigesteshmplegi.e.,withoutenzymatic
digestion) of RAWMYC25 and W-RAW-MYC25 showd a higher amount of available
protein (pvalue < 0.0001) compared to MYC25. TheRAW-MYC25 and RAWMYC25
samples also had a significantly higher protein release in the gastribghd¥eC25 (p
value < 0.0001). RRAW-MYC25 was comparable to MYC25 iretlast timepoints of the
intestinal step (180 and 240 min), while the untreated RIXWU25 samplehadsignificantly
higherprotein releasen all theintestinal phase pointis both samples. Overall, the amount
of protein released appeared higher in the RINWC25 samples compared to M¥26. This
suggested that the total nutrient conteasggreater in RAWMYC compared to MYCand
the heating process may have reduces preiously described Biebe (2002pndWard
(1998) Notwithstanding, these findings suggested that the porosity/permeaM{Z of

hyphae is an intrinsic property of the filamestoells ofFusarium venenatum
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The amount of protein was expected to be lower if the cell wall porosity was increas
by processing (e.g., RNA depletion by heating). However, the proportion of protein releas
wassignificantlyhigher in RAWMYC25 and W-RAW-MYC25 than MYC25, with the
digestive enzymes still able to diffuse through the cell walls and fattateelease

Another simulated digestion experiment (FiguB®Bcompared the protein released
during the intestinal phase from MYC25the presence or absence of the gastric digestion
phasereferred to agastric (+) and gastr espectively. No statistically significant difference
was observed between the two intestinal digeatamg timepoint. This confirmed that the
smallintestinal step and its proteases are the key fHtabfacilitate the highest release of
protein from theMY C structure duringn vitrodigestion.

Furthermore, the incubation of MYC25 in the absence of enzymes at eithepldcidic
(pH 3.0 in the gastric phasa) neutral pH(pH 7.0 in the small intestinal phase) showed a
comparablerelease of proteibetween the two stefiSigure 3.4). On the other hand, the
gastric and small intestinal steps were sigrifitegiterin protein reéasecompared to the

controls without enzymes.
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Figure 34. Incubation of MYC25 in the absence of enzymes, at either acidic (gastric G) or neutr
(intestinal 1) pH, which shows no significant release of protein (ns). In theédgrgmesents MYC25
incubated without enzyngeontrol) whereas G120 and 1120 aretgasind intestinal digestions with
enzymes after 120 mi@neway ANOVA, Du n n e tvaldes< 0.05); $*t walneo<c  t
0.001, ** pvalue < 0.01
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3.3.4 Visualisation of Mycoprotein Hyphaaring /n Vitro Digestion

Optical micrographsobtained by brightfieldpHluorescence(Figure 3.5A) and
fluorescence microscopy (FigBt&B) show the hyphal structuredwY C during gastric and
small intestinal phases of the simulated digestion of MYC25

The internal content d1YC cells was complgy stained by LCB during the gastric
phase (Figurg.5A a), whereas no stain was observed inside the cells following small intesti
digestion (Figurg.5A b). The large, blustained area on the left of Fig@rgA b was caused
by material in the panagn taking up the stain. TB showed a similar but less marked chang
from gastric (Figui@5A c) to intestinal phase (Fig@&Ad) with less stain@dYC cells that
appeared partially digesté@these resultsupportedhe proteirrelease findings durimg vitro
digestion(Figure 3.3A)showing substantial differences between gastric and small intestir
phases.

However, CFW in epiluorescence and fluorescence mode showedatizeable
structure changdsllowing the change from gastric (Figsé e; 3.5Bc) to small intestinal
digestion (Figurg.5Af; 3.5Bd). This revealed that the cell wall structure did not endure any
apparentvisible damage and did not change between the two phases, as eyptwed b
absence of enzymes in pancreatin capdhdkeaving thé-bonds of cell wall fibres. Hence,
the access of the small intestinal proteases to intracellular protein was not helped by any
wall digestion as observesingthe Driselasé buffer (Figue 3.2B ). This further supports
the porosity/permeability hypothesidhich is in line with other studies showing that cells
(soybean) can be more permeable to enzymes during simulated d{gesiiori-ogliano, &
Capuano, 2020)This might be helped by the digestion of intracellular proteins or the

hydrolysis of cell wall protein.
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Figure 3. Optical micrographs of MYC25 during gastric and small intestinal phassiofutsed

Gl digestionFigure 3.5Abrightfield mode with lactophenol cotton blue stain (LCB: a, b), toluidine
blue stain (TB: c, d) and efiorescence mode with calcofluor white stain (CFW: Eigiire 3.5B
fluorescence microscopy with fast green FCIF (a, b), calcofluor white stain + Evans blue (CFW +
EB: c, d), and fluorescein isothiocyanate isomer (FITC: e, f).

Similarly to the LCB andI'B staining(Figure3.5A), fluorescence microscopy showed

thatEB dye in CFW stained protein in red/pink in the gastric phase (HdgBe), whereas

the intestinal phase showed that protein was patrtially released fkd¥fCtiseructure (Figure
3.5Bd). In line with thisiFCF(Figure3.5Ba, b) and FITC (Figurg.5Be, f) dyscompletely
stained the fungal hyphae during the gastric stepeagithe fluorescence emission decreased
in the small intestinal phase, showing less stainedrcis manner td=igure3.5A b, the
green stained mass in the middle of Fi@us® f was caused by the presence of pancreatin
material These results edirmed that the intestinal stage was crucil¥C digestionand
significant amounts of protein were released during the intestinal geas#iough some

proteinsor digestive enzymes still appeared to be retaitieth the matrix structure (Figure
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3.5Bd). This could suggest a gradual release of nutrients during digestion, linked to healtf
digestiorandincreasingatietyWilde, 2009)

Moreover, slowly digested proteins have been shown to induce an improve
postprandial utilisation compared to quickly digested pr(idaingin et al., 2001However,
theseresults are basexh an/n vitromodel. The protein release could be highevivodue
to thecontinuous ename secretiorand nutrient removal via absorption at the intestinal brush
border(Minekus et al., 2014¢xplaining the high protein absorption from M{iinlop et

al., 2017)

3.3.5 Effect of Protein Extraction Methods, @¢dlll-Degrading=nzymes

and/n Vitro Digestion on Protein Hydrolysis

The analysis of protein hydrolygisgure 3.6vas carried ouisingthe bioaccessible
proteinin the supernatamtbtained after protein extraction meth@éigure 3.1A)ncubation
with cellwalldegradingenzymes (Figur2.1B), and INFOGEST /n vitrodigestion (Figure
33A).

Figure3.6A shows the molecular weight profiles using-BBGE of protein released
from MYC25 and MYC10 following different protein extraction methdus MY C samples
following incubation in urea bufferINC), incubation plus homogenisatioHQMO ),
incubation plus glass bead grindi@B) and incubation plusiltrasonication $ON)
presentedeveral protein bandsinging fom approximately 116.3 kDa to 5 kD@ higher
protein concentratiowas observed as a darker band in the sample incubated with urea ai
ultrasonicated SON). This result supportethe observationsf the protein quantification
(Figure3.1A), in which the treatment afeacombined withultrasonicationled tothe highest
protein releasecompared to other extraction methodss supported by the diluted

concentrations (1:
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10 and 1:5) of the SON samples in Figure 3.7, the protein bands could be seen more cle:

and appeared similar between adl thethods (INC, HOMO, GB, SON)
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Figure 3. SDSPAGE gels for potein hydrolysianalysisrom MYC after extraction methodsth

urea buffer andriselas& buffer incubatior(Figure 3.8\); INC: ureabufferincubation; HOMO:
incubationwith urea buffeplus homogenisation; GB: incubatiaith urea buffeplus glass beads
grinding; SON: incubatiowith urea buffeplusultras oni cati on; DRIl : Dr,i se
DRI25 and DRI10: Driselage buffer incubation with MYC25 and MY Cl@spectivelySmulated

Gl digestior(Figure 3.6Band simulated intestinal digestion with trypdgute 3.6¢. kDa: molecular
weight in kDa; M: protein molecular weight marker; U: undigested sample/ofuire digestion;
Pepsin, Pancreatin, Trypsin: enzyme standards.

The incubation witlDriselas& buffer, despite a similar amount of protein released to
the treatment afireacombined withultrasonication (Figur&1B), showed no distinct protein
bands in botibRI25 and DRI10 (Figur8.6A), with theonly exceptiomf a band at about 36
kDa. However, as shown by the red spots of Fig@re the proteins were not hydrolysed
completely,suggestg that protein and enzyme were entrapped within the matrix of the
digested fungal cell wallsie smear bands in DRI25 and DRI&ppeared to be the result of
Dr i s e interacng with MYC fibréndeed smear bandsave been reported due to the
presence bproteincarbohydrate interactions suchghscosylated proteifKuster, Krogh,

Mgrtz, & Harvey, 2001; Medina & Francisco, 2008)
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Figure 3.6 B shows the geltiogé INFOGEST staticn? vitrodigestion As expected by
the absence of hydrolytic enzynmesproteinbandswere observedn the undigested sample
(V). The gastric phase (from 15 to 120 rajppeared to have some bands below 40 kDa due
to protein released frortMYC (MYC25 and MYC1Q)It was not possible to precisely
determine the protein released frovtY C in the intestinal phases (from 125 to 240 aifin
Gl digestiofn due to the numerous bandsltnging to pancreatin itself, as shbwitscontrol
(pancreatiralong. Incubationof MYC with urea led to the release of many intact protein
bands ranging from 5 to1®0 kDa, yet Figurg.6B and 3.6Ghows that no protein bands
were released in the digested sample (Wyhich suggests that the proteagtrapped inside
the cells in the absence of urea. §ekof thdNFOGEST digestion with trypsin alo(fégure
3.6C) which led to the release of over 30% protein (Fig8&),3howed no discernible
protein bands similar to those found in the presence of urea (Big@eThis suggesthat
proteirs are etrapped inside the cells at the start of digestrmhtrypsircandiffuseinto the
cells to hydrolysmtracellulamprotein resulting in theeleaseof smallerpeptides. The small

soluble peptides can be measured by BCA adssapite not being visible in the SBSGE

1:5

1
Figure 3. Protein release from MYC after incubation with urea buffer followalresgonication
(SON); the two bands on the left were diluted 1:10 withpulteawater, whereas the two bands on

the right 1:5. In the figur&Da is the molecular weight in kDid is the protein molecular weight
marker.
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3.3.6 Effect of Protein Extrasti Methodsand /n Vitro Digestionon

Particle Size

Particle size analyglHgure 3.8yas performed on MYC25 incubated with yhwae
water (control) and after protein extraction methods (FayUrand simulate&! digestion
(Figure3.3A). Figure3.8A shows the particle size of MYC25 incubated withjulira water
and after incubatiocombined withhomogenisation, glalssads grinding or ultisnication
(controls of Figurd.1). The particle size was drastically decreased by the mefblaysazl
methods (pralue < 0.001Y hissupporstheobservations by optical microscopy (Fi§ta)
showingheinitialconglomerate dflYC hyphae thated toopened and dispersed into smaller
structuresdue to the mechanical processimgrthermore, thee methodssupport the
evidence that the particle size reduction and the destructigfy ©f structures did not
influenceprotein releas@er selndeed, theprotein releasaias comparable between all the

controls irrespective of the particle size reduction folldivngrotein extraction treatments

(Figure3.1A).
A B + MYC25
<+ MYC25/SON
e C=— Gastric phase Intestinal phase
g 800 E 00 P 3 p
(5] ot |
- l")- :
g 600 A 600 . -
8 § 0
m et
g 400 £ 400;
ol ©
&= ] °
2 200 — i 2 200
= 3] 3
-“E“ b E 4}-\,}/?——0\‘
o - : ‘ - o S & S & & 8 .5
Inc  Inc¥Homo Inc+Gb Inc+Son U o® & o (I? N@ r@“ S 8
Treatment Time (min)

Figure 3. MYC particle size reduction after extraction methods and simulated Gl did€igime.

3.8A Particle size (£8) of MYC25 incubated with ulture water (INC), incubation plus
homogenisation (INC + HOMO), incubation plus glasads grinding (INC + GB) and incubation
plus ultrasonication (INC + SONFigure 3.8BMYC25 and MYC25/SON durin vitrodigestion.
OnewayANOVA, Bonferroni post hoc test{glue < 0.05); values with different letters are statistically
significant.
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Figure3.8B illustrates the particle size of MYC25 and MYC25/SON duringtro
digestion. A gradual decreasehe particle size of MYC25 wabserved throughout the
whole digestion. The difference in particle size between MYC25 and MYC25/SON we
statistically significant in the undigested sample (U) and for all tpeititsaluring the gastric
phase (pralue < 0.0001), and during the smaéistinal step {palue < 0.0001 at 125, 135
min; pvalue < 0.001 at 150, 180 mirmvgdue < 0.05 at 240 min). However, no statistically
significant difference was detected in the changeover from gastric to intestinal phase (1z
125 min) in MYC25¢ontray towhatwasmeasured by BCA assay with the sudden increase
of protein released following this transition (Fi§us4). In a similar way to Figu8&B, the
protein releasatthe endpoints of simulated digestion (Figu8&) was independent of the
patrticle size reduction caused by udtpaication and confirms that the ratio enz\heZ
was more important for the digestion of protein in the intestinal phase than the particle size

theMYC hyphae.

3.4 Conclusions

The results presented in tlsisapterprovides insight intihe mechanisms underlying the
protein bioaccessibility froMYC after different processing treatments. It was demonstrated
that physical or mechanical strdigs not promotethe most efficienprotein releasdérom
MYC, but chemical or enzymatic action was required. The hyphal structure was mo
susceptible to small intestinal proteases than to the harsher physical extraction methe
Indeed, the action of cellalldegradingnzymes and small intiesl proteases was dependent
on theMYC concentration. Therefore, the ratioM¥ C to enzymes is@iticalvariable that
can influence protein bioaccessibitity/tra

Furthermore, microscopy showed that the contertY@ cells were partially diged

or released during the small intestptese of the? vitrodigestion, despitbe cell wallerere
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visiblyintact. These results suggested that the small intestinal proteases can permeate thr
the fungal cell wathanksto its porosity/permeability without damaging its fibres. Th
enzymatic diffusiofacilitatedthe intracellulaprotein hydrolysishatappeared to be highly
efficient in the simulated small inteststap These findingsontribute toour understanding

of protein bioaccessibility from fungal cells during digeatidrhow this complex hyphal
structure behaves under differem vitro conditions. A further understanding difie
interaction between digestive enzymes andth€ structure could help to explain the
biochemical mechanisms underlying the health effects observed in clinical trials. Additio
studies on fungal cell wall porosatyd its interaction with enzymase discussed in the

following chapters.
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Chapter4

MycoproteinMatrix Reducesn Vitro
Carbohydrate Digestidyy Sequestering Alpha
Amylasé

A This chapter i s bexievwedmaouscrifolosino, Wartemh, i s h e c

Edwards, Finnigan, and Wilde (2028)odHydrocolloids 106018
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4.1 Introduction

Findings over many years have suggestedmyaiprotein MYC) consumption
influences carbohydrate digestmmmetabolismby improving glucose/insulin responses
(Bottin et al., 2016; Dunlop et al., 2017; Turnbull & Ward, 198bich could be due to the
dietary fibre(DF) content of MYC.Overall,DF has been linked to various health effects
(Danhl et al., 2017; Kendall, Esfahani, & Jenkins, 2@h@)foods containingF are often
associated with reduced postprandial glucose and insulin refigeagh, Lau, Noakes,
Bowen, & Clifton, 2007; Stewart & Zimmer, 201@)ich can be beneficial for controlling
type2 diabetes (T2D)Howeverthe mechanism of action of fibre in controlling glycaemia
is nd fully understood, and there may be several potential mechgiigmysncreasing the
small intestinal viscosity that delays the glucose absorption and reduces the gastric empty
(2) by binding or entrappinglucose and restricting its absorptemmt (3) specifically by
inhibitingthe a-amylase activity that consequently reduces the rate of starch hyGraiftfysis
Repin, Fabek, El Khoury, & Gidley, 2018; Ou, Kwok, Li, & Fu, 2001)

Another possible mechanism is basedtlom food matrix effects offered by the
presence of cell walls. Inde@&tf; is commonlyorganisedo form complex structures such
as cell walls in both plants and fungi. In particular, the plant ce{P€M8of durum wheat
and chickpea have been reportedrtftuence starclgelatinisatiomnd digestionin vitro
(Edwards et al., 2015imilarly, the>CW of almonds have been described as a barrier that
can control the release of nutriefElis et al., 2004; Grundy, Wilde, Butterworth, Gray, &
Ellis, 2015) Therefore, the control of nutrient bioaccessibility and consequently the
absorption promoted by cell walls can influence the physiological responses of glucose a
insulin. For instance, a slower rise in plasma essential amino acids and a lower postprant
insulin response was observed aft¥IC consumption compared to a masatched milk

protein bolus in th®unlop et al. (2017A4tudy. The diffusion of enzymes into the cell could
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be possible due to the fungal cell svdfiCW) porosity/permeability that has been well
described inthe literaturgScherrer, Louden, & Gerhardt, 1974; Shepherd, 1987; Walker et
al, 2018) Nonetheless, the diffusion of enzymes through\tH€ cell walllacksclear
evidence, and findings of direct inhibitiormaeimylase biYC havenot been reported.
Therefore, following tree observatios, this chapter aimei test the hypothesis that
MYC hyphal structurenteracted witl-amylase to reduce the rate of starch digestiaira
Then, the mechanisms underlying sydtentialreduction in starch hydrolysiscludingthe
diffusion ofa-amylase through tHeCW, wereinvestigate Furthermore this chapter aims
to investigaténhe diffusion of digestive enzynie®ugh the FCWby confocal microscoyig
confirm and support the findings@hapter 3whichsuggested that intestinal enzymes diffuse

through the MYC cell wall to hydrolyse the intracellular protein.

4.2 Materials Methods

42.1 Materials

42.1.1 Chemicals arfi@eagents

The specific reagents used in this chapter are specified belowthetiganmon
materials to other chapteare listed in Chapter 2, Section 2.1.1.

All reagents were of analytical gradepamdhasedrom Merck, UK: Soluble potato
starch Catalogue N052004), glycogen from bovine liv@atalogue NoG0885) a-cellulose
(Catalogue NaC8002), porcine pancreatica my | as e ( O 54 KDa Qaglogse | i
No. A3176) used foperforming thestandardised small intestimalvitrodigestion, a higher
purity porcine pancreasamylase®1,000U/mg protein51-54 kDa Catalogue NoA6255)
was used fon vitrodi gesti on kinetics and f ICataoge s C

No. 62650) disposable PD 10 desalting coluntbatalogue NOGE170851)
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42.1.2MycoproteinSamples

Marlow Foods Ltd, UKprovided freezeried MYC powder and extractédYC
proteirs (EMP). MYC powder was prepared in proportion 1:4 (w/v) ulilapure water and
subjected to a standardised small intestinaizro digestion(INFOGEST) to removethe
intracellular glycogen that may have interfered with the release of reducing sugar during
kinetic/n vitrodigestion witla-amylase (Sectigh2.2.2) Afterthe simulatedsmall intestinal
digestion, the sample was wasaeswith ultrapure water and centrifuged:800 x gor
10min (Heraeus Megafuge 16, Germany) to remove the supernatant containing the reduc
sugars released from timracellular glycogeiihe pellet was freezkied for 3 dayswith a
LyoDry Compactfreeze drier (MechatechUK) to obtain the glycogetepletedMYC

powder This sample was thetored at20 until further experiments

4.2.2 Methods

42.2.1SimulatedSmall Intestinal Digestion

The simulated digestion of the small intestinal step was performdd ©rand
extractedylycogerfaccessibldpllowing the INFOGEST statiw vitrodigestion method for
food described in chapter, 3ection 2.1

The digestion was carried out with 2.5 g of food (e.g., 0.625 g of MYC plus 1.875 m
of ultrapure water) with a total digesta volume of 20 mL for the small intestindlhstep.
a- amylaseactivityin the final mixturewas 200 U/mL (the recommended activity}400
U/mL (double of the recommended activity in the recognised prdtwtodimedo digest
glycogen completglySamples were taken at 30, 60, 80, 120 min of intestinal digestion
whereas the undigested (U) sample was the control sample without énalyorederwent

all the/n vitrodigestion. At the end of digestion, the enzyme activity was stopped with NaO
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2 M to reach pH 11.0 ansimples were centrifuge@®00 xgor 10min (Heraeus Megafuge
16, Germany) The supernatant was used for reducing sugar analysis wigh the
hydroxybenzoiecid hydrazidgPAHBAH ) assaywhile the pellet of theYC digested with
400 U/mL ofa-amylase was treated as previously desdi#setion4.2.1.2) to obtain the

glycogenledetedMYC powder

42.2.2Kinetic /n VitroDigestionof Starch

A solution of soluble starch from potato (5 mg/mL) was preparpdosphate
buffered salineRBS and cooked for 2@nin at 90 . The starch solution was cooled down
for 10min at room temperature and then incubated at 3@r 5 min. Aliquotsof 10 mL of
the cooked starch solutieverepipetted into 15 milconical testubes containing O (control),
2.5, 5, 10, 15, 20 mg/mL of glyeoglepletedMYC powder or 2.5, 20 mg/mL of cellulose
that served as a controf,0, 5, 10, 20 mg/mL &MP or bovine serum albumilBSA). The
solution was equilibrated at 37or 5 min under continuous stirring in a rotad60 rpm.
At time 0, 100rL of thesolutionwasemoved as a blank while 110 of pancreatia-amylase
(the final enzyme activity in the test tube was00nL) wasadded to start thé? vitro
digestion. An aliquot of 10@. was collected at 3, 6,8hd 2 min. The enzymatic reaction
was stopped in a micoentrifuge tube containing 160 of Na2CO3 0.3 M. The samples
were centrifuged at D®0xg for5 min (Eppendor? centrifugeb424R, Germany), and the

supernatant was used to determine the reducingssetgased by PAHBAH assay

42.2.3The Bindingof AlphaAmylaseby Mycoprotein
MYC concentrations irthe rangeof 0 - 20 mg/mL were prepared in PBS and

incubated at 37 for 30 min before adding 10€@. of a-amylase200 mU/mL final). The
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MYC and a-amylase solutiongere stirred on a rotator (60 rpm) for 30 min at 37
Afterwards, e samples were centrifuged af0Q8 xg (centrifuge 542R, Eppendor?,
Germany)for 5 min to separate the insoluble MY@nd the supernatant was analysed to
determinet he r esi dual enzymatic activitwltaf
amylase assay Kit.

Briefly, an aliquot d50t L of the supernatantas pipetted into a 9@ell microplate,
along witrthefluorescenstandardBODIPY FL propionic acid irdimethyl sulfoxidgin the
range o0 - 200muU/mL, and a PBS blankihen, 501 L of DQE starch substrate solution
labelled with the fluoresceBODIPY® FL dyewas added to the wetisntaining the enzyme
and MYC or standard The plate was placed imgcroplatereader (FLUOstar Omega, UK)
andthefluorescence intensity was set at an excitation filter of 485 mmeanission filter at
520 nm. The reading was performed at a series of time points from 0 tn. 3herate of
increase in fluorescence of the uokn samples was correcigging theéblanks(PBS)and

compared to the standards to obtainrigduah -amylase activity valtéhis was then plotted

as bounda-amylase by subtracting the value measutadheMYC (0 mg/mL) from the

values obtained in the presenc®iMC (2.5- 20 mg/mL).

Determination of Starch/Glycogen Hydrolysis

The PAHBAH assay was performead described in Chapter Qection 2.2.1 to
estimatethe total starch/glycogen hydrolysis (wt%), based on the release of reducing sug
during the/n vitrodigestiorandthe kinetic/n vitrodigestion of starch

Absorbance was read at 405 nm witt\dVis plate readeispectrophotometer

(Molecular Devices LLC VersaMaJnited States).
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Kinetic of Enzymatic Inhibition

The initial reaction rate (mM/min) for hydrolysis of starch lyamylase was
obtainedusing the®AHBAH assay$ection 2.2.41) during/n vitrodigestion of several starch
concentrations (1, 2.5, 5, 10, 20, 30 mg/mL) in the presence of 5, 10, 20 mg/mL of-glycog
depletedMYC powder. The Michael§lenten databased orEquation 4.1) wasused to

produce the Lineweav&urk plot Equation4.2) (Lineweaver & Burk, 1934)

Equation 41. MichaelisMenten equation.

wa ooy
0 Y

Equation 42. LineweaveBurk plot equation.

WAWWY Waww

p 0 P
0

The equation for describing mixed reversible inhibition of an en@yguation4.3)

may be written as follows:

Equation 43. Mixed reversiblénhibition of an enzyme equation.

a0 oo P
s 50 0. P 300
P od

Where the reaction rate(mM/min) is determined over a range of the subs{@}te
concentration@ng/mL) The substrate [S] refers to stakGhaxis the maximumeaction rate,

andKmis the Michaelis constant equal to the starch concentratienn is half ofVmax. The
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inhibitor [I] refers tothe MYC concentration (mg/mLyhereas Kic and Kiu are the
competitive and uncompetitive inhibitor constants (mg/mL), respecthading the
reciprocals of both sides of Equation dllBws a straighhe plot to be constructed of 1/v
against [l]. Plotting this for multiple values of [S] generates a Dixon plot. The point ¢
intersection between the lines of equal [S] corresponds to Kic. The Dixon plot does not pern
the calculation of Kiu, so an attative is to plot [S]/v against [I] at a range did&jnish

Bowden, 1974, 2012esulting in a series of straight lines which intersect at Kiu.

42.24 MicroscopyAnalysis

The microscopy analysis was carried out edgtifocallaserscanningmicroscoy
(CLSM) to observe the interactionflobrescein isothiocyandte TC) dye or FITClabelled
a-amylase with the MYC matrix. Moreover, brightfield microscopy was used to observe t

interaction of starch with MYC.

Enzyme Labelling

The enzymea-amylase was labelled with the fluorescent probe FITC to obtain

thea-amylasé-ITC conjugate used for CLSM.

Briefly, 1.44 mg/mL of FITC asmixed with 1 mL of carbonate buffer (NaH&EO
0.1M and NaCO030.1M, pH 9.0), mixed witha-amylase (2 mg/mL in carbonate buffer) and
incubated in the dark at room temperature for 120 min. éets, the labelled enzyme was
poured ino a PD 10 desalting chromatography column, previously equilibrated with 50 m
of PBS at pH 7.4, to separate the conjugated enzyme from the other fractions (free FIT(
The absorbance (250520 nm) of each fractiowas measured using 1 cm cuvettes and

scanned with &V/Vis spectrophotometer (Libra S5Biochrom Ltd, UK) in order to
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determine the fraction with the maximum enzyme conjugadiog the following equations
to calculate the proteinoncentration (Heption 4.4) and moles dye per mole protein

(Equation4.5):

Equation 44. The equation to calculate protein concentration after enzymatic labelling with FITC.

o I3 4

N O OW
dc Y .

Equation 45. The equation to calculate moles dye per mole protein after enzymatic labelling witt
FITC.
e ke m s v ma v A s 2 00 wWww Ly oA
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Where A280 is the absorbance at 280 nm, Amax is the maximum absorbanc
CF is the correction factor obtained by divik®&80 by the Amax of the dyl¢ i proteinh e
molar extinction coefficient, in this cas€07,680L mol'* cmi 1 (Guillén et al., 2007andU 6
isthe FITCextinction coefficient, in this case68000(Pankov & Momchilova, 2009jhese
measures are based on the protocol provided by Thermo Scientific for dye:protein mol

ratios calculationdhermo Fisher Scientific, Accessed: 23/08/2021)

Confocal Laser Scanning Microsc&@ptical Microscopy

CLSM wagerformed with a Zeiss LSM880 with Airyscan, and micrographs were
acquired with an Axioca®03 mono camera (Carl Ze&&, Germany). Briefly, &L of
glycogenlepletedMYC powder stained with calcofluor white (CFW) (1dstransferred to

a slide witlanultrathin adhesive imaging spacer. Betatding thecoverslip and seal, di
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of labelleda-amylase was added. For CFW, excitation and emission filters were at 405 n
and 415- 47Q respectivelyFor FITC and labellech-amylasgthe excitation and emiesi
filters were 490 nm and 525 nraspectively. A-Btack experiment was performed with Plan
Apochromat 20x/0.8 M27, depth h@n, 20 acquisitions, to analyse glycaiggetedVYC
powder in different sections and verify the presence of the labelled enzigeethe
filamentous cells.

Brightfield microscopy wagperformed using an Olympus BX60 optical
microscope (Olympus, Japan), micrographs were acquired with a Jenoptik Progfes C1t
camera (Jenoptik AG, Germany). An aliquot of 20®f glycogewlepleed MYC powder
was stained with Lugolidwrodgestionfedtians2.2()andl )

then transferred to a slide cogépped and sealed.

4225 DataAnalysis

Data were analysed by GraphPad Prism version 5 for Wii@GoaghPad Software,
USA), statistical significance was setvatue < 0.05. Values were expresseavasmge:
confidence intervadt 95% (Cl195%) of threadependentmeasures (& 3). The posthoc

analysis is specified in the description of the comesppfiguravhere applicable
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4.3 Results

4 3.1 Glycogen Depletiaginom Mycoprotein

Figure 4.1 shows the release of reducing sugars as a function of time from tr
intracellular glycogen oflYC cells orextractedglycogen (glycogemithout cell wal)s
Glycogen hydrolysis was determined during 120 nsimofatedntestinal digestion with 200
U/mL (Figure 4.1A) or 400 U/mL ofa-amylase (Fige 4.1B). These experiments were
carried out to show the different kinetics of digestion of the same glycogen concentration,
with (MYC cells) or withouextractedglycogen) the presence of cell walls. Maeahe
digestion with doubleecommended activity (i.e., 400 U/mL) was performed to completely
digest the glycogen from MYC and use the sample for the kinetic digestion experimel
(Section £2.2.2)

MYC (Figure 4.1A)and extracted glycogen (Figure 4.Hyestion showed similar
kineticsof glycogen hydrolysis with an increase of reducing sugars observed in the first 15 r
compared to the undigested sampleénBigure 4.1 The glycogen hydrolysis kept increasing
in the next timgooints (30, 60, 120 min) to eventually reach a value of 105.20 + 5.97 wt%
the simulated digestion with enzyme activity 400 U/mL and 61.09 * 2.59 wt% in the 200 U/r
digestion. Therefore, the glycogen was considered digested in the digestesmyitee
activity of 400 U/mL. Similarly, the simulated digestion of extracted glycogen had higr
hydrolysis with 400 U/mL a@f-amylase that reached a value of 99.39 + 3.59 wt% compare

to 72.03 + 1.@wt% digestion at an enzyme activity of 200 U/mL.
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Figue 41. Total hydrolysis of the intracellular glycogen from MYC powder (starting concentration
2.27 mg/mL) andextractedglycogen (2.27 mg/mL) during 120 min of intestinal phase of the
INFOGEST staticin vitrodigestion with pancreatc amylase, activity 200 U/mEigure 4.1A or

400 U/mL Figure 4.1B In the graph, U represents the undigested sample with no enzymatic
digestion. Unpairedtest, (*pvalue < 0.05); **walue < 0.01; *pralue < 0.001 are staically
significant to the respective tipwnt (U, 15, 30, 60, 120 min of extracted glycogen vs U, 15, 30, 60,
120 min of glycogen from MYC).

The kineticsof reducing sugar releadédfered between the digestion of extracted
glycogerandthe intracelilar glycogen frorMYC. Indeed, extracted glycogen had a faster

breakdown, and the intermediate tip@nts (15, 30, 60 min) showed significantly higher
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glycogen hydrolydisanthe intracellular glycogen fravtY C in Figure 4.1A and Figure 4.1B
However, lhe endpoints (120 min) &YC and extracted glycogen digested with 400 U/mL
of a-amylase were comparable. On the contrary, the endpoints of extracted glycogen dige:
with a-amylase activity of 200 U/mL showed significdangher hydrolysig-value < 0.01)
thanMYC.

Furthermore, glycogettigestion from MY Gvasobservedy optical microscopy.
Cells with glycogen stain dark brown but remain pale yellowish in their §Dssnoate,
Diez, Guerrero, Ballicora, & Iglesia§12; Quain & Tubb, 1983)ndeed, the cells were
stained in a dark orange colour (Figure 4.2A) in the presence of glycogen, whereas-after the
amylase digestion (400 U/mL to obtain the glycdgpletedMY C powder), the fungal cells

appeared with a pajellow coloufFigure 4.2B).

A L
P : y
100 pm & 100 pm

Figure 42. Optical micrograplof rawMYC powder Figure 4.2A compared to glycogelepleted
MYC in a paleyellow colourFigure 4.2B
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43.2 Inhibition ofAlphaAmylase
Figure 4.3 shows thé& vitrodigestion oarange of concentrations of glycodepleted
MYC and a-cellulose(positive control{CEL in Figure 4.3performed in the presence of

starch(STA in Figure 4.3anda-amylase to determine teffect onstarch hydrolysiate

o 30-

9\-' —8— STA=5mg/mL

g —&— STA+MYC=2.6 mg/mL

"(‘;)’ —a— STA+MYC=5 mg/mL .
B 204 STAHMYC=10mgmL 25
> —&— STA+MYC=156 mg/mL 3
(o] —¥— STA+MYC=20 mg/mL

-'g = Lo

: 10- ek

L

(&)

| =

w 0O

Time (min)

30+
—8— STA=5mg/mL

—#— STA+CEL=2.5 mg/mL
raY STA+CEL=20 mg/mL

Starch hydrolysis (wt%)

Time (min)

Figure 43. Total starch (STA) (5 mg/mL) hydrolysis in the presence of a range of concentrations (2

8 20 mg/mL) of glycogen depleted MYC powder (MYgure 4.3Aor a- cellulose (CEL)Rigure

4.3B) at 2.5 or 20 mg/mL during tim&neway ANOVA, Dunnettds multt
value < 0.05, **walue < 0.01, **pralue < 0.001 are statistically significant to the respective time
point of the control (STA =5 mg/mL).
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Figure 4.3A shows that the presence of glycatpmietedMYC reduces the rate and
extent of starch hydrolysis. The hydrolysis of starch was redwedab{0.001) from a value
of 18.19 + 0.41 wt% in the contr8ITA = 5 mg/mL) to 15.64 + 0.43 wttthe lowest MYC
concentration teste(®.5 mg/mL) in 12 min ofn vitro digestion. Likewisehe highest
concentration oMYC (20 mg/mL) resulted in a starch hydrolysis endpoint (12 min) of 4.47
+ 0.37 wt% (alue < 0.00kompared to the starch con}oNo statistically significant
differences were detected in thelitolysis of starch in the presenca-gkllulose (2.5 or 20
mg/mL)(Figure 4.3B)

More /n vitrodigestiorexperimentsvere carried out to understand if Wigole structure
of MYC mainly promoted the enzymatic inhibtide.g., cell wall presence) or other
components such &MP may have played a role (g 4.4A. /n vitrodigestion oMYC
was performed in the presence of staralamylase and BSA to better understand the
specificity of inhibition (Rige 4.4B, and he residual activity of the enzyme after incubation

with different concentratisrof MYC was investigated and plottedtas percentage of the

totala-amylase bound tYC (Figure 4.40.
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Figure 44. Total starch hydrolysis in the presence of MYC, MYC plus BSA, and ataylase in

the presence of MYCrigure 4.4A Total starch (STA) (5 mg/mL) hydrolysis in the presence of
concentrations (5, 10, 20 mg/mL) of ENfigure 4.4Bhydrolysis of STA (5 mglL) incubated with
MYC (5 mg/mL) and in the presence of concentrations (5, 10, 20 mg/mL) oFig8re 4.4Ca-
amylaseactivity(%) in the supernatant after 30 min of incubation WItYC. Oneway ANOVA,
Dunnettds multi plvalue & ®@.05*avalus © 0.01 t*tpalte <(00QL are
statistically significant to the respective control (Figure 4.4A: STA = 5 mg/mL; Figure 4.4B: STA
MYC =5 mg/mL; Figure 4.4C: MYC = 0 mg/mL).
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Figure 4.4A shows thaEMP incubationwith starch and-amylase can also decrease
starch hydrolysis. The incubation with 5 mg/mENP did notdiffer from thestarchcontrol
(STA = 5 mg/mL).However, Igher concentratian(10 and 20 mg/mL) oEMP showed
statistically significavalue < 0.01 and-+mlue < 0.0Qlrespectively) differences in the
amount of starch digested at the last poiet (12 min) compared to the control.

Figure 4.4Bshows the release of reducing sugar expressed as starch hydrolysis frol
starchMYC soluton (STA + MYC = 5 mg/mL) in the presence of three different
concentrations (5, 10, 20 mg/mL) of the protein BSA. dilesence of the protein did not
increase the starch hydrolysitie rate of hydrolysisf 5 mg/mL of BSA was statistically
significant (palue < 0.01) compared to tlséarchcontrol withMYC (STA + MYC = 5
mg/mL) in the last timpoint (12 min). Likewisel0 and 20 mg/mL of BSAromoted a
statistically significant-{plue < 0.001) increase of taeamylase activity after 1@in
compared tahe control wittMYC. In contrastno statistical difference was found compared
with thestarchcontrol withouMYC (STA =5 mg/mL).

After 30 min of incubation with several MYC concentratibiesiesidual activity af

amylase was measured and plottedugernatanti-amylase activitfFigure 4.4C). The
proposed binding of the enzyme by the MYC increased with increasing MYC concentratic
Thus, the lowest concentration of MYC (2.5 mg/mL) was enough to promote aadiatisti
significant (ralue < 0.05) reduction of the activity in the supernatant compared to the contr
(MYC = 0 mg/mL)Similarly, the other MYC concentrations (5, 10, 15, 20 mg/mL) promoted
an effectiveeduction ina- amylase activitg the supernatanthat was statistically significant

compared to the control {@mlue < 0.001).
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43.3 Kinetic Analysedf AlphaAmylase Inhibition

The reduction of starch hydrolysis in the presence of glydegéstedMYC was
further investigated in order to determine type of inhibitioremployingMichaelisMenten
(Figure 4.5A, LineweaveBurk (Figire 4.5B, Dixon and CornistBowden plots (Fige 4.5C

and 4.5D, respectivgly

A * MYC= 0 mg/mL B
s MYC=5 mg/mL
¢ MYC= 10 mg/mL
0.104 - v MYC= 20 mgimL
£ —— z
E 2 = 5] __EE_
G : e
E il e T
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v STA= 30 mg/mL 10004
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Figure 45. Kinetic analysesidgure 4.5AMichaelisMenten plot of starch hydrolysis ratg ggainst

a range of starch (STA) concentrations (1, 2.5, 5, 10, 20, 30 mg/mL) in the presence of 0, 5, 10,
mg/mL of MYC. The reaction rate(mM/min) was obtained by the slope of three (n = 3) digtinct
vitro digestions of 12 mirkigure 4.5B LineweaveBurk plot of the reciprocal of initial reaction

velocity (1) against the reciprocal of substrate (1/S) concentrations in the presence of 0, 5, 10,
mg/mL of MYC.Figure 4.5CDixon plot of the re@rocal of initial reaction velocityrfLand Figure

4.5D) CornishBowden plot of substrate/reaction raten(&gainst MYC concentrations (5, 10, 20
mg/mL); STA: 1, 2.5, 5, 10, 20, 30 mg/mL.

The Michaeli®Menten plot (Figre 4.5A involved the kinetic digestion of 1, 2.5, 5, 10,

20 and 30 mg/mL of gelatiniss@@rchin the presence of 0, 5, 10 and 20 mg/mblpfogen
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depleted MYCin order to obtain the appare¥ihax and Km. The Vmax Showed a decreasing
trendas the MYC concentiah was increasdéom 0 to 20 mg/mlwhilstK» was comparable
between 0 and 5 mg/mL, and afterwards increased at 10 and 20 mg/mL4(Tabde
decrease oWmax With an unchange&n is typical of nomompetitive inhibitionwhile
alteration of botlWmax and Km (@anincrease oKn at high concentration of inhibitor) suggests

a mixed linear inhibition (Corniddowden, 2012; Seibert & Tracy, 2014).

Table 41. Average + standard error of apparémtxandKm obtained from Michaekislenten plot
after kinetic digestion of 5 mg/mL of starch in the presence of 0, 5, 10, 20 mg/mL of MYC.

MYCOmg/mL | MYC 5 mg/mL | MYC 10 mg/mL | MYC 20 mg/mL

Vmax 0.099 +0.002 | 0.08+0.001 0.069 + 0.002 0.031 + 0.002

Km 1242 +0.174 | 1.289+0.105| 2.564 +0.362 3.023+0.774

LineaweaveBurk plot (Figire 4.58, Dixon (Figre 4.5G0, and CornishBowden
(Figure 4.5D plots were used to investigate the mechanism of inhibition. In the same way
the Michaelidvienten plot, the double reciprocal Linewed®erk plot suggested a non
competitive inhibition ahe lowest concentration MYC (5 mg/mL) that changed to mixed
inhibition atthe highest concentration (10 and 20 mg/mL). Dixoru(Eig.12 and Cornish
Bowden (Figre 4.13 plots show that the intercept of the inhibition curves is mainly in the
fourth and the third quadragnespectively. This is the typical behaviour of a reversible linear
mixed inhibition(CornishtBowden, 1974, 2012assuminghat the enzyme can bind to both

inhibitor and substrate (faige 4.6.
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EI+S = ESI

Figure 46. Diagram of a reversible linear mixed inhibition. E: enzyme; S: substrate; I: inhibitor; F
product. MYC is the inhibitor (I) that can interact with the free enzyme (E) to form the complex
enzyme/inhibitor (El), as well as with the enzyme/substrate complex (ES). This interaction promote

decrease oWmax (maximum velocity of the enzyme) and iacrease in Ks (enzymsabstrate
dissociation constant) in the presence of an inhibitor.

43.4 Microscopic Visualizatiaof Mycoproteininteracton with Alpha

Amylase
4.3.4.1 Labelling cAlphaAmylasewith FITC

Figure 47 shows the absorbances of the fractions obtained from the labedling of

amylase after running through a PD 10 desalting column.

— B — FI F2 F3
— F4 — F5 — F6 — F7

Absorbance (AU)

0 1 L L) ) L) L) T
250 285 320 355 390 425 460 495
Wavelenght (nm)

Figure 47. Fractions (F) and blank (B) absorbances (Akteobtainedfrom a PD 10 desalting
columnused for the FITC (495 nm) labellingasamylase (285 nm).
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Fraction 2 (F2) was used for the experiment described in Sk8tib2dueto the
highest protein concentration and lowest moles dye per mole protein value (Table 4.2) bas

on Equations4.4 and 4.5respectively.

Table 42. Protein concentration and moles dye per mole protein value of the-a=¢h@ylase
fractions

Protein Concentration (M Moles Dye per Mole Protein
Fraction 0 1.7510° 2.92
Fraction 1 1.0410° 3.58
Fraction 2 1.70-10° 3.69
Fraction 3 4.9410° 4.26
Fraction 4 1.77-10° 3.99
Fraction 5 2 0810° 18.20
Fraction 6 1.89-10° 4.01
Fraction 7 1.71-10° 5.03
Fraction 8 1.97.10° 5.43
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4.3.4.2AIphaAmylase Diffusion into Mycoprotein Cells

Figure 4.8A and 4.8Bhovsthe labelleda-amylaseénsidethe fungal cell compared
to the dye FITC when viewed by CLSM. FurthermoreMN&€ interaction with starch after

12 min ofin vitrodigestion was observed by brightfield microsg@€igure 4.8C and.8D).

Figure 48. Micrographs of glycogelepleted MYC powder interacting witkamylase and starch.
Figure 4.8A CLSM of glycogedepleted MYC powder stained in blue with calcofluor white (CFW)
and free fluorescein isothiocyanate isomer (FITC) in grégure 4.8BCLSM of glycogedepleted

MYC powder stained in blue with CFW and the FiaBelleda-amylase in gem, Zstack analysis
ortho modeFigure 4.8Gnd4.8D: Opt i c al mi croscopy of MYC st
min of /n vitrodigestion; a potential association of starch (purple) with MYC (yellow) is shown in Figu
4.8C, whilst free starch is also shown in Figure 4.8D (both 4.8C and 4.8D are from the same samy
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FITC stainedn green thevYC cells (Figre 4.8A that were sined in blue by CFW
dye. Similarly hte FITC-abelleda-amylaseesulted in green spats theMYC cells (Figre
4.8B). The Zstack ortho analysis showed that the labalsohylase was physicdtigated
inside someMYC cells. The same imaging was aklsdgomed onthe MYC sample where
extracellular fluorescently labelled amylase was removed by washing and centrifuga
(13,000 xg)and the images still showed the presence of intradglhib@tled amylag&igure

4.9).

Figure 4. CLSM of glycogedepleted MYC powder mixed with calcofluor white (blue) and
fluorescein isothiocyanate isomer (green) for 30 s on a vortex mixer and washed with PBS for 5 mi
2,800xg.

Gelatinised starch also appearetidee some association WiNC (Figure 4.8Q.
Lugol 6s solution stained 1 n pu/nptiodigestidne s

whereas/YC gave a yellow colautarch appeared to be associated with 8bvitehyphae

However, Figre 4.8Dalso highlights that not all the starch in solution was asseatated
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MYC hyphae as showed by the presence of free starch nE&&yhyphae with no visual

evidence o&ninteraction.

4.4 Discussion

The FCW is known to be a rigid but flexible structure that is mainly compbgbrkes
(i.e., chitin andb-glucans)Kang et al., 2018and its porosity/permeability has been well
described in the Brature(Scherrer, Louden, & Gerhardt, 1974; Shepherd, 1987; Walker et
al., 2018)The present study aimed determine thempact ofMYC on starch/carbohydrate
digestion and investigate the mechanisms underpinning any(efiecenzymatic diffusion
through the cell wallsyloreover, the interactianf a-amylasavith theFCW was thought to
influence the enzymatic activity and, thusnpte a reduction of carbohydrate hydrolysis. A
decrease of starch amylolysisl the glycogen encapsulation by cell walls that slow down th
rate of carbohydrate digested are two crucial factors relevant to understanding
gly@aemidinsulinemic responsés MYC based products.

The small intestinaln vitro digestion showed that-amylase auld hydrolyse the
intracellular glycogen bfYC (Figure 4.). As expected, the release of sugar, thus the glycoget
amylolysis, depended on the enzymatic activity deaaver, the extracted glycogen showed
a quicker digestion rate during the simulated digestion with 200 and 40G /mjlase
(Figure 4.1A& 4.1B, respectively) compared to the intracellular glycogenNrg@. This
could be explained by tHheCW limiting or slowinghe accessibilityf a-amylase into the cell
to hydrolyse the glycogedimilar behaviour of the cell wall has been reporté&OWw (Ellis
et al., 2004; Grundy, Wilde, Butterworth, Gr&kllis, 2015)

The porosity/permeability &1YC cell walls was explored further by CLSM(Fe 4.8A

and 4.80. The enzyme labelled with FITC was observed as fluorescent green spots distribu
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in random regions of the hyphal matrix (Feg4.88. Why the enzyme is distributed
heterogeneously is not ateThe cell walls in these speciiityC regions could have an
increased porosity that allowed the diffusion of the labelled enzyme through the cell wall
specific intraellular components with an affinity for the enzyme (such as pasteinown
by the EMP inFigure 4.4A) This may have contributed to the binding process and will require
further studyA Z-stack experiment was performed to understand if the labelled enzyme we
interacting with MY C superficially (i.e., on the cell wall surface) eelhtlaly The X and
Y-axis of Figre 4.8Bshow the depth of the cells (b®, scanned a&layers) and confirmed
the presence of the fluorescently labefleinylase in the intracellular regions. Thus, the
enzyme was able to diffuse through the celllviletwise, the diffusion af amylase through
cell walls has been reported in other plant celts,potato tuber, red kidney bean and
banana), although the binding effect of the enzyme to the cell wall itself may partially limit 1
procesgLi, Gidley, & Dhital, 2019Moreover, Figre 4.4Csupports this finding by showing
thata-amylase can be depleted frirasolution by either binding MY C or being entrapped
within theFCW, and these events were strong enough to resist the centrifugation proces:
13,000xg

The enzyme-amylase has molecular weight of &l kDa,anovoid shape with main
dimensions of approximately 13 x 8 x 5 (Brayer, Luo, & Withers, 1995previous work
has shown that filamentous fungi can internalise molecules of up to 150 kDa (Stokes radiu
9 nm)(Brul, Nussbaum, & Dielbandhoesing, 198)ssuggesting is highly probable that
most digestive enzymendiffuse through thECW as also described previously in Chapter
3 of ths thesisTherefore, if less enzyme was present in the supernatant (free etiyme)
available enzyme activity was expected to be reduced.

Accordingly, the experiment with starch asdmylase in the presence of glycegen

depletedMYC powder was performed to quantfyyreduction in starch hydrolysis. tig
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4.3Ashows a decreasestarch hydrolysis in the presence of a range of increasing glycoge
depletedMYC powder concentrations. Even the lowest concentration of gly=ieted
MYC powder (2.5 mg/mL) used in this study decreased starch hydrolysis significaloity (p
< 0.001 after 16hin) compared to the controvhereascellulose at 2.5 and 20 mg/mL did
not show any significant change, differently from what repoiddthly Gidley, and Warren
(2015) A critical difference between the two studies was the source of starcBhitad.
Gidley, and Warren (201%)sed maize starch, while the present study used soluble potat
starch, impactinthe competition between starch and celluldbeis, a possibty is that
amylaseould have highemaffinty for soluble potato starch than for maize starch

Figure 4.4Ashows that the endpoints of timev/frodigestion of starch in the presence of
10 and 20 mg/mL dEMP resulted in a statistically significant inhibitieva({pe < 0.01 and
p-value < 0.0QXespectively) compared to the control. However, the inhibitory activity of the
protein fromMYC was lessarked than the inhibition promoted by the glycetggpieted
MYC powder (Figre 4.3A, anda potential partiglresence of cell wall fibres may have also
influenced this result. Hence, the inhibitory activiti®iC was mainly attributed to the
hyphal strature effect that was able to entrap/retain the enzyme and physically separate
enzyme from the substrate. This may be permitted by the low density of covakinksross
betweerb-glucans and chitin withiECW, likely resultingn a more open networstructure
with larger poreKang et al., 2018Nonetheless, the fact tHaMP mayhave a inhibitory

activity towarda-amylase needs further investigation for potential application in malting an

food industry processes tha to reduce/limit starch degradatitike other a-amylase
inhibitory proteingTysoe et al., 2016; Yu et al., 2018)

Conversely, BSA is a protein known to have no interactionawahmylasegDhital,
Gidley, & Warren, 2015)igure4.4Bshows thavhenBSAis in excess the starcisolution

MYC anda- amylase system reversed the enzymatic inhibitioni@eand enhanced the
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starchhydrolysis. BSA was potentially hindering the diffusion and subsequent entrapment
a-amylase through tidYC cell walls. Therefore, the free enzyme was available to hydrolys:
the starch. This finding was in line viithital, Gidley, and Warren (2015yhich reported
that BSA blocked the binding @-amylase ta- cellulose.Hence, the interaction of

a- amylase witMYC appeared to beot specific, and an excess of BBy act as a blocking
solution thatslowed down the diffusion of the enzyme. This would leave a higher
concentration of amylase in solution to hydrolyse the starch more quickly thaabsetiee

of BSA.

The mechanisms of inhibition @f-amylase byMYC were investigated using kinetic
analyses (Rige 4.5) and suggested that the inhibition was of a mixed type. A schemati
diagram of reversible, mixed linear inhibition is represented uneFg6 and shows that
MYC, acting as an inhibitor (Ban interact with the enzyme (E), as well as the substrate (€
bound to the enzyme (ESI). This mechanism is consistent with microsbagy showed
thatMYC mightinteract with both starch (Brg 4.8 and D anda-amylase (Fige 4.8B) to
form the complexa-amylase/stardil’YC (ESI). The observations from microscopy fit with
the proposed inhibition mechanism. THegaxresults (Figre4.5and Table 4.1suggest less
available enzyme for starch digestiecause a proportion of it is sequestered itisddYC
cells. Similarly, th&m results suggest that increasing concentratiody ©fare directly
competing with the starch for the enzymeus the inhibition of thestarch hydrolysis is
triggeredy reducing the available enzymthansolution

MYC can be consideredfaod ingredient that relies upon a defined structure comprising
filamentous cells composed of cell walls, membranes, macromolendesrganelles.
Hence, thekinetic analyses on the inhibitioh a-amylaseoy MYC could be considered

unconventional for this type of analygibichusually involvethe investigation of enzymes
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inhibitors such apolyphenolqStriegel, Kang, Pilkenton, Rychlik, & Apostolidis, 2015; Sun
et al., 2016)protein(Barrett & Udani, 2011; da Silva et al., 2@t&rugsKnights & Jones,

1992)

45 Conclusions

The results presented in thebaptersuggested that pamatica-amylase can diffuse
through thecell wallsof MYC thanks to its porosity/permeability, sequestering the enzyme
within the hyphal cells. Therefore, the available enzpmeentratiowas reduced GYYC,
and starch hydrolysis was subsequdatseasd. The mechanism proposed is the reduction
of the overall enzyme action by a reversible linear mixed inhibition that is mainly attributed
the entrapment of the enzyme within the hyphal structure.

However, other components bfYC (i.e, proteirs) may also play a minor role in the
inhibition of a-amylaseand the presence of cell walls that can sttmwn/limit the
bioaccessibilf of glycogenThese findings contribue to understanding the mechanism
underlying the reduced ghroia and insulinemia observedvivoafterMYC consumption
which can help patients with T2Burthermorethe food industry can apply these restdts

dewelop new products t@duce starch hydrolysis and subsequent glycaemionsespo
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Chapters

MycoproteinModulates/n Vitro Lipid Digestion
by ReducingLipase Activity and Binding Bile Salts

AThis chapter is based on the publisphegrreviewed manuscriolosimo et al. (2020)

Food and Functiorl.1, 10896.09Q
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5.1 Introduction

The consumption of@ne types of meat bédeen associated widim increasedsk of
cardiovascular diseas€y/D) (Abete, Romaguera, Vieira, de Munain, & Norat, 2014)
contrast, pladbased products, as well as edible mushrooms, being dhtaryfibre (DF)
and low in saturated f@enny & Buttriss, 2007; Gfamirez, Morales, & SolRivas, 2018;
Schneider et al., 201&puld help in the prevention &VD by reducing blood lipid levels
(Krittanawong et al., 2021; Satija & Hu, 20I8gre is now accumulating evidence that
mycoprotein (MYC}an elicit similar beneficial effects on blood lif&tselho et al., 2020;
Ruxton & McMillan, 2010; Turnbull, Leeds, & Edwards, 1992; Turnbull, Leeds, & Edwards
1990)

Understanding the underlying mechanisms by which this food ingredient can influen
lipid markers is essentiadh blood lipidHowering effect could be mediated by different
biological and physicochemical mechanigBisnness & Gidley, 2010)he inhibition of
lipase activity and the consequent delay in lipid digeasgamportant mechanisrtizat can
positively influence poptandial lipidaemia (Adisakwattana, Intrawangso, Hemrid,
Chanathong, & Méakynen, 2013&jmilarly, the binding of bile salts (BS) by fideel et al.,
1998; Lia et al., 1995; Story & Kritchevsky, 19v@notes the faecal excretion of BS and,
consequently, the alteration of the bile acid pool thatsftiediver to produce more BS from
endogenous cholester@taels, 2009)n the same manner, protein from different sources
(e.g., milk, soybean seed, corn, cumin, and lupin) é&s teported to bind B85uerin,
Kriznik, Ramalanjaona, Le Roux, & Girardet, 2016; KaédigdMoukala, Zhang, & Claver
Irakoze, 2@1; Makino, Nakashima, Minami, Moriyama, & Takao, 1988; Siow, Choi, & Gan,
2016; Yoshistark & Wasche, 2004)lso, tie hydrophobicity of protein subunits or amino
acids(AA) has been linked to BS sequestering ac{@ityerin, Kriznik, Ramalanjaona, Le

Roux, & Girardet, 2016; Iwami, Sakakibara, & Ibuki, 1986; kbDmgboukala, Zhang, &
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Claver Irakoze, 2011Finally BS binding could also be influenced by increased viscosity
promoted byDF (Zacherl, Eisner, & Engel, 2Q01depending on its compositiqStory &
Kritchevsky, 1976)r solubility(Wang, Onnagawa, Yoshie, & Suzuki, 2001)

This chapter aimed to investigate the physicochemical prabhaessgthe digestiorof
MYC in the gastrointestinal trg@&IT), which may underly the blood ligmlvering effect
observedafter MYC consumption/n viva Thus, the hypothess are that MYC and its
components (e.g., fibre, proteioan reduce lipid digestion by reducing lipase activity,
sequestering BS frosolution,and increasing viscosity during simulgeetrointestinal (Gl)
digestion. To test these hypotgesan oil in watefO/W) emulsion or a tributyrin (TBT)
control were subjected o vitroGl digestion in the presence of MYC to understand how
MYC canimpact lipolysis rates during simulated small intestinal digestion. Additionally, B
was incubated with different MYC centrations or extracted MYC proteins (EMP) to
determine BS sequestration levels from isolated supernatants collected after SBhulated
digestionlincreased viscosity promoted by DF could also influence BS bifiding, the
viscosity of MYC digesteas measuretd assess its contribution towards lipid digestion and
BS binding.

This study provides new insigftito the digestive fate of MYC, which is relevant to
understanding the role of MYC enriched diets in improving blood lipid profiles anbdythere

potentially lowerin@VD risk.
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5.2 Materials& Methods

5.2.1 Materials

52.1.1 Chemicals ari@eagents

The specific reagents used in this chapter are specified belowtheltgmmon
materials to other chapteare listed in Chapter 2, Sectiot.2.

All standards and reagents were purchased from Mé#éKckinless otherwise stated
sodiumdeoxycholateGatalogue NdD6750),Nile Red (72485DL -dithiothreitol Catalogue
No. 10197777001), NkHCO3 (Catalogue NoA6141), iodoacetamideCétalogue No.
11149), trifluoroacetic aci€Cétalogue Nolr6508), total bile acids Ki{Catalogue N@®03115,
Dialah Austrig, acetonitrile Catalogue NoA/0626/PB17, Fisher Scientifichymotrypsin
(Catalogue Nov1061, PromegadJSA),| n st a nt BelnstarfatplagwetNoSBILL,
Expedeon UK), and whey protein isolate (BiPPp Agropur,USA). The sunflower seed oil
from Helianthus annuusCétalogue N0o88921) was treated with FlofigiCatalogue No.

288705) to remove polar asdrfaceactive compounds.

5.2.1.2 Mycoprotein Samples

Marlow Foods Ltd, UK, provided freedeéed MYC powder and EMPMYC
powder was prepared at different concentratiansl(0, 20, 30 mg/mL) by mixing with uitra
pure water before being added to teusated digestion vessel. EM@re prepared at 8.8
mg/mL in ultrapure water, which matched ttodal concentration of protein expected to be
present in 20 mg/mL of MY®ased on the protein content determined by Marlow Foods
Ltd, UK, (Chapter 1Section 1.2)8 The concentrations df0, 20, 30 mg/mL of MYC or 8.8
mg/mL of EMPrefers tahe final concentrations in the final volume of the simulated digestion

experiments.
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5.2.2 Methods

52.2.1 Lipolysis Analysig/ /n VitroDigestionUsingpH-StatMethod
Simulated digestion with a gtht device was performed to study the impact of

different MYC concentrations dhe lipolysis of O/W emulsion or TBTThis provided

information on the influence of MYC intake lgmase activitgnd, therefae, lipid digestion.

Emulsion Preparation

An O/W emulsion was prepared by prmulsifying 0.4 g of sunflowerwith9.6
g of whey protein isolate (WPI) solution (1% w/v in watgred for 120 min at room
temperaturpusing arJltra-Turrax T-25 homogeniserlKA, Germany)for 1 min at 1500
xg The preemulsion was then sonicateith aBranson Digital Sonifi&(Marshall Scientific,
USA)for 2 min at 30% of amplitude with cycles of 10 s sonication and 10 s of rest. The parti
size of the O/W emulsion was measured by static light scate3irii3320, Beckman
Coulter, USA), ensurirgmean particle diametdd43) within the range of 1-:2.5nm using
a refractive index of 1.& WPI stabilised emulsion was used as it is readily digested during

in vitroGl digestion(Macierzanka, Sancho, Mills, Rigby, & Mackie, 2009)

Lipolysis During Simulated Small Intestinal Digestion

The lipolysis of O/W emulsion in the presence of MYC was measured by a pH
stat device KEM A3700 (Kyoto electronics, Japariefly, 2.5 mL of MYC at different
concentrations (10, 20, or 30 mg/mL in the final digesta) was placed in a jacketed reac
vessel warmed to 37. The final composition in the reaction system was 300 mg lipid from
the O/W emulsion, 10 mMBS, and 100J/mL pancreatin (based on lipase activity) in a final

volume of 20 mL. The volumes of simulated intestinal fluid (SIF) anc-2id&D were

140| Page



Chapter 5. MycoproteiModulates/n VitroLipid Digestion byReducind ipase Activity and Binding Bile
Salts

added to obtain the concentration of the electrolytes, accordvime&us et al. (2014)
However, in the composition of the SIF, the solution of Nakl@&s replaced by NaCl to
avoid CQ formation, which would have introduced undesirable pH changes as ddsgribed
Mat, Le Feunteun, Michon, and Souchon (2046)l recommended in the latest INFOGEST
protocol(Brodkorb et al., 2019The pH was first adjusted 7.0 and then maintained at that
value by constant titration of 0.1 M NaOH for 60 min of simulated digestion and continuou
stirring (500 rpm). Lipolysis was expressed as volume (mL) of NaOH 0.1 M necessary
maintain pH 7.0 against the decrease of pH promoted by the release of free fgfFAgids
during lipolysis.

TBT substrate was usé¢al test the MY Geffect on intrinsic lipasetadty due to
its high efficiency to be hydrolysed in the absence &oBgis 0.5 mL of TBT wasdigested
as described in the pancreatic lipase activity assay by the INFOGEST (Metbkds et al.,
2014)with or without the presence of MYC at 30 mg/mL in the final volume. The pH was
first adjusted at 8.0 and then maintained at that value by constant titration of 0.1 M NaOH 1
10 min with constant stirring (500 rpm). Ligaywas expressed as volume (mL) of NaOH
0.1 M necessary to maintain pH 8.0 against the decrease of pH prom®&EA bglease

during lipolysis.

52.2.2Simulatedsastrointestinar Only IntestinaDigestion

The Gl digestiornwas carried out fdk20 min of gastric phase followed by 120 min
of small intestinal step or only small intestinal digestion (retiea®t) for 120 min Different
concentrations afYC (10, 20, 30 mg/mL) or EMP (8.8 mg/mkgre digestedccording to
the INFOGEST standardised meth@dinekus et al., 2014)escribed in Chapter 2, Section

221

141 Page



Chapter 5. MycoproteiModulates/n VitroLipid Digestion byReducind ipase Activity and Binding Bile
Salts

After simulated digestion, MYC digesta (20 fmal volumé or EMP (1 mL final
vaume) were centrifuged af00xgfor 5 min at room temperatur@ieraeus Megafuge 16
centrifuge Germany for MYC digesta an&ppendorf centrifuge 542R, Germany for
EMP). The resulting supernatant was collected and used for BS quantificatios same

day of the experiment.

5.2.23 Bile SaltBinding ExperimentsAfter SimulatedSastrointestinal
Digestion

The binding ofBS is a crucial mechanism underlyingrédriction of blood lipids.
The BS concentration was measured from the supernatant of simulated Gl, or only intesti
digestion of MYC or EMP carried out with different conditions, such as the presence ¢

absence of enzymes or the use of individual enzymes

Bile Salt€stimation

BSconcentration was determineddmolourimetric enzymatic kinetic assay using
thetotal bile acids kit (Dialab, Austriay described in Chapter 2, Section 2.2.5.2.

Briefly, 5L of standard (sodium deoxycholate phosphatéuffered saline
(PBY) in a range of B 40 mM or unknown concentration sample was transferred in a 96
wells plate in duplicate. Then, 240 of Reagent {Thio-NAD) was addedo each weknd
incubate for 5 min at 37 before adding80 [L of Reagent 43-a- hydroxysteroid
dehydrogenagéo start the reaction. The plate was then incubat®d atand absorbance
wasmeasured at 405 navery 30 s for 20 mim aplate reader (Benchmark PfusBio-Rad,

UK). The rate of increase iabsorbancef the unknown samples was correaisthg the

blank and compared to the standard to obtairBtBeoncentration
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52.24 ProteinAnalyses

Sodium dodecyl sulphate polyacrylamide gel electroph@&$*AGE) wasused
to analyséhe hydrolysis of proteins belonging to MYC or EMBvisualise peptides resistant
to digestive enzymes. The resistant peptides identified were furtherly investigated by Lio

Chromatography with Tandem Mass SpectrometryMISIMS).

SDSPAGE

The proteins from digested GI samples from MYC and EMP were separated b

SDSPAGE as described in Chapter 2, Section3232.

LC-MS/MS

Preparatiorof Gel Slice$or LC-MS/MS

Protein bandgesistant to trypsin digestion were obseiwe®SDSPAGE
(Figure 5.8), and gel slices in these bands were cut and prepared, as described below, fol
MS/MS analysis, performdxy Dr Carlo deQliveiraMartinsat the proteomic facilityf the
John Innes Cedrein Norwich, UK.

Forthe procedure of preparation of gel sliseashing steps were 20 min each
(unless otherwisstated with strong vortexixing using 1 mL of solver®el sliceswere
destained with 30% ethanol for 30 min at 6&ntil they were clear and then washed with
NH4HCO3 (50 mM) prepared in 50%IH4HCO3/50% acetonitrileand incubated with
dithiothreitol(10 mM) at 55 for 30 min.Dithiothreitolwasremovedby centrifugatiorand
asolution ofiodoacetamide (30 mM) was added for another 30 min of incubation by vorte:
mixing at room temperature in the dark. Tioeloacetamidesolution was removeby

centrifugationand the gel slices were washed witlsHNED 3/50% acetonitrileby vortex
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mixing. Another wash with NHCO3 was performed to remove the buffer, and gel slices
were transferred individually to a petri dish for cutting. The volume of each gel slice w
estimated before using a scalpel to cut the gal sltoesmaller pieces (approximately 1 x 1
mm). The pieces were transferred to a clean tube and washed twice wil@GOE50%
acetonitrileand 100%acetonitrile Finally, the solvent wemmoved entirelypy spinning the
samples in avacuurddrier centrifuge doncentrator plusactiugé plus Eppendorf,
Germany) for 30 min. The precipitated and dried gel slice residuals were collected and s

for LC-MS/MS analysis.

LC-MS/MS Analysis

The dried gel slice residuals were digested with chymotrypgn (1
enzyme:protein) for 8&t pH 7.5and room temperature. L&S/MS analysis was performed
usingan Orbitrap Eclipse tribrid mass spectrometer (Thermo Fisher Scjed#fjcand a
nanoflow highperformance liquid chromatography (HPLC) system (Dionex &i¢&000,
Thermo Fisher Scientifi¢tJK). Other settings were as follow: flow 0.2 pL/min, solvent A: 0.1%
trifluoroacetic acid, solvent B: 80% acetonitrile in 0.1% trifluoroacetic acid; total running tin
of 118 min (multstep gradient, including wash aeequilibration), ion source voltage of
2,300V (positive mode), operated in DDA mode, MS1 resolution of 120,000 and range 30C
1,800 m/z, RF = 30%, max injection time of 50 ms, a dynamic exclusion of 15 seconds. M
with CID and HCD fragmentation (ion trap, turbo mode), isolation window of 1.6 Da,
collision energy of 20%, andhax injection time of 35 ms.

The protein i1identification was cal

(Proteome software Inc, USA) ath@ UniProt database.
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52.25 Rheologicahnalysis

The viscosity of theholedigesta (supernatant + pellet) of MYC was measured at 3(
mg/mL concentration after the Gl digestiWAQ/E refers tothe control without enzymes;
this is withoupepsin for the gastric step and siypor pancreatin for the intestinal). The
viscosity of the SIF was used as a control.

The experiment was carried out using a controlled stress rheometer Advanced A
2000(TA instruments, UK) using a 60 mraégree acrylic cone, &fh truncation, and cone
angle 0:59:21 (deg:min:sec). The rheological protocol was set with the software Rheol
Advantage Instrument Control AR V5.8UK, as follov& continuous ramp from a shear rate
of 10 to 10001/son a log scale, for 2 min at 37°C, 10 points per decade, sample density w

estimated as 1 g/ém

5.2.26 Particle Size Analys§ Simulated @strointestindbigestion

The patrticle size diametdd4,3) of the digesta of MYC 30 mg/mL wasasured by
static laser light scatterungjnga particle size analysef 13320 (Beckman Coulter, USA)
with modelbiomassn water(refractive index 1.7fter incubatiomwith orwithout enzymes
(referred to a¥VO/E), this is withoupepsin for the gast phase and pancreatin or trypsin

for the intestinal step.

5.2.27 DataAnalysis

Data were analysed by GraphPad Prism version 5 for Windows (GraphPad Softwa
USA). Statistical significance wasas@value< 0.05. Values were expressed as average *
confidence intervat 95% (C195%) of threeindependent measurés = 3)for the pHstat

digestion, rheology and particle gxperimentsor sixindependent measurés = 6)for the
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BS analysisThe posthoc analysis is specified in the descriptiotine corresponding figure

where applicable

5.3 Results &iscussion

5.3.1 Lipolysis Reductioof Emulsionin the Presencef Mycoprotein

During simulated small intestinal digestion, lipolysis measured fahe O/W
emulsion alone (control) or the O/W emulsion in the presence of increasing MYC
concentration (10, 20, 30 mg/mL) in order to determineotrerallimpact of MYC on

lipolysis mediated by pancreatic lipase.

Figure 5L. Volume (mL) of NaOH 0.1 M consumed during lipoly$tigure 5.1A Simulated
intestinal digestion with O/W emulsion (control) or O/W emulsion plus different MYC
concentrations (10, 20, 30 mg/mL). Values were corrected byl coesisurements; this is the same
experiments without the addition of the O/W emulsion. @ag ANOVA, Dunnett post hoc test
(pvalue < 0.05); **pvalue < 0.001 are statistically significant from the cdfigate 5.B TBT
(control) or TBT plus MYC (3Gng/mL) digested with pancreatin for 10 min. Unpaitiedttwith
Wel chds cor r ewdue o @05) **paloe <t0.81 id statistically significant from the
control.

The concentration of 10 mg/mL of MYC was not sufficient to promote a statistically
significant decrease in the NaOH volume required when compared to the control (O/W) &
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