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Foreword

Fibre, a non-nutrient component of the diet of man since time began,
has over the last two decades come to assume an important role in the
prevention of disease. There is no clinical condition that is associated
with acute fibre deficiency, as with, say, protein, but as a component
of the diet that plays a role in the prevention of disease, fibre is
probably of considerable consequence.

To assess the current situation about the role of fibre in health and
disease, the European branch of the International Life Sciences
Institute (ILSI) convened a panel of distinguished scientists at an
April 1991 workshop in Brussels. Well before the workshop, the
panellists prepared chapters on a comprehensive range of subjects
relating to fibre. Each participant was given the opportunity to read
and comment on the other chapters, with the objective of producing a
comprehensive, accurate, and up-to-date volume on the subject of
fibre in health and disease.

This volume is one of a series concerned with topics of growing
interest to those who want to increase their understanding of human
nutrition. Written for workers in the nutritional and allied sciences
rather than for the specialist, these volumes aim to fill the gap
between the textbook on the one hand and the many publications
addressed to the expert on the other. The target readership spans
medicine, nutrition, and the biological sciences generally and
includes those in the food, chemical, and allied industries who need
to take account of advances in those fields relevant to their products.

ILSI, is a non-profit, world-wide scientific foundation with
branches in each continent, established in 1978 to advance the
understanding of scientific issues relating to nutrition, food safety,
toxicology, and the environment. By bringing together scientists from
academia, government, and industry, ILSI promotes a balanced
approach to solving problems with broad implications for the
well-being of the world community. Headquartered in Washington,
D.C., ILSI has branches in Agentina, Brazil, Europe, Japan,
Mexico, and North America.

London Ian Macdonald
April 1992 Series Editor



Preface

This book is the result of a three day ILSI workshop on dietary fibre
held in Brussels in spring 1991. Distinguished experts from all over
Europe were invited by a Scientific Planning Committee (Chairman
Professor Jean Mauron) to participate. Drafts of the individual
chapters were written before the workshop and circulated to all
participants for critical review. During the meeting these chapters
were further discussed and edited. This often gave rise to substantial
modifications and improvements of the original manuscripts and to
written commentaries and sometimes authors’ replies printed at the
end of a chapter. In this way a unique collection of peer reviewed
“state of the art” papers on dietary fibre has been obtained.

The General Discussion is a slightly shortened and edited account
of the final workshop discussion which included practical issues such
as definition, analysis, physico-chemical properties and energy values
of dietary fibre. At a time when European legislation, directives and
guidelines are being prepared, it seemed worthwhile to make this
discussion available to the reader.

We wish to thank all the authors for contributing to such a
demanding project. In several chapters, leading European scientists
from different institutes and countries have successfully co-operated
to present a balanced and objective assessment of their topic. Thanks
to the indefatigable efforts of Professor Nils-Georg Asp, this was also
possible for the most controversial subject of dietary fibre analysis
which is co-authored by main representatives of analytical techniques
presently in use.

We would also like to thank Dr. David Kritchevsky who chaired
the whole workshop in a stimulating and sovereign way which was
essential to the workshop’s success.

Finally, we extend our thanks to ILSI Europe and its head office in
Brussels, especially Professor Michel Fondu and Dr. Uta Priebe who
were both excellent organisers and hosts of this conference. The
publisher and series editor have kindly agreed to publish the product
of all these efforts.

Lausanne and Glasgow Thomas Schweizer
November 1991 Christine Edwards



Contents

List of Contributors ...............cccciiiiiiiiiiiiiiiiiiiiiiiicnieenes

SectioN I.  Background Papers

1. The Dietary Fibre Hypothesis: A Historical Perspective
D.A.T. Southgate .........c.....cccouviuiiuiiiiiiiiiiiiiiiiiiieieaeanan,
INtroduction ..........ccoeiiuiiieiiniiii e e eaas
Developments in the Chemistry and Analysis of Food
Carbohydrates: Early Studies on the Chemistry of Foods
Concerns about the Energy Value of Foods ..........................
Studies on the Chemistry of Plant Cell Walls ........................
Nutritional Studies on Food Carbohydrates .........................
The Impact of New Techniques on the Study of Carbohydrates
The Energy Values of Carbohydrates in the Human Diet ........
Studies on the Analysis of Fibre ............cccovieiiiiniiiiinninenn,
Dietary Fibre as a Protective Component of the Diet ..............
The Dietary Fibre Hypothesis Emerges ..........c.cc.ccevvviininnen..
Initial Responses to the Hypothesis .............ccocovvviinini.
Major Themes in the Initial Development of the Dietary Fibre
Hypothesis ........coooveiiiiiiiiiiiiiiiiien
Definition and Analysis ............ccoeevieiiiiiiiiiiiineniennenne.
Studies with Isolated Polysaccharides .............c..c.............
Dietary Fibre as a Source of Energy ............ccoocvviiviiinnnne.
Mechanism of Faecal Bulking ..........c..c.occeeviieniiiininninnnnen.
The Status of the Dietary Fibre Hypothesis ..........................
(00) 11113153117 ) o N

2. Physico-chemical Properties of Food Plant Cell Walls

J.-F. Thibault, M. Lahayeand F. Guillon ...............................

INtroduction ..........ccooviiiiiiiiiiiiiii

Ion-Exchange Properties ............cc.cooovviiiininiiiininnnnenn.
The Ionic Groups Associated withFibres ...........................
Methods of Cation-Exchange Capacity Determination ..........
The Cation-Exchange Capacity Values ....................ccuuenen.
Determinationof pK ...........ccooviiiiiiiiiiiiiiiniiiinie e

W W

[E gy



X Contents

Hydration Properties ............ccooovuiiiiiiiiiiiiininiiiiienene,
Hydration Properties of Polysaccharides ................c...........
Methods for the Determination of Hydration Characteristics ...
Variations of the Hydration Value
Examplesof Hydration Value ..............c.ccoovviiiiiniinnn..

Adsorption of Organic Molecules

Effect of Processing
Grinding .........ooooiiiiiiiii
Chemical Treatments
Heat Treatment

Conclusions

3. Physico-chemical Properties of Food Polysaccharides
E.R. Morris
Introduction ...
Structure and Shape of Polysaccharide Chains
Orderand DisSOrder ..........coeuviiiniiiiiiiiiiiiniiini e,
Inter-residue Linkage Patterns and Ordered Packing
Hydrated NetWOTrKS .....ccceuininininiiiiiiiiiiiiieereieee e
Polysaccharide “Weak Gels™ ...........ccocviiiiiiiiiininiininnennee,
Hydrodynamic Volume of Disordered Polysaccharide Chains ....
CoilOverlapand Entanglement ..............c.ooevviiiiiniiiiininn,
Shear-Rate Dependence of Viscosity
Implications for Digesta ViscOSity ............ccevvuiininvinieninianenns
Transportand Release of Nutrients ..............ccccoeeevieniennennenn.
Susceptibility to Digestive Enzymes and Colonic Fermentation ...
CONCIUSIONS ...vviniiieiiiiiii e
Commentary

4. Dietary Fibre Analysis
N.-G. Asp, T.F. Schweizer, D.A.T. Southgate and O. Theander
Classification of Carbohydrates in Foods as Related to Dietary
Fibre Analysis ..........ccocvevviiiiiiiiiiiiiiniii
Principal Criteria for Classification
Degree of Polymerisation ..............cccovvviiviiiiniininiininn,
Classification of the Polysaccharides ............c..ccoccveieunenenne.
Recommendations for Nomenclature for use in the
Classification of Carbohydrates in Nutritional Studies ...
The Definition of Dietary Fibre: A Determinant of Analytical
SErategy ...oovviniiiiiiiiii
Main Features of Analytical Strategies ............c..c.coveennntn
Implications for the Choice of Analytical Methods for the
Carbohydrates in Foods ............ccocovviiiiiiinniiine.
Criteria for the Choice of Method: The Conflict Between the
Requirements of Research and Regulation .................
Development of Crude Fibre, Detergent Fibre and Enzymatic
Methods
Crude Fibre .......ccocoviviiiiiiiiiiiiii e
Detergent Fibre Methods



Contents xi

Enzymatic Methods ..............oooiiiiiiiii 67
The Method of Aspetal. ........coovveiiniiiiiiiiiiiiiiiiniiiianne, 69
The AOACMethod .......ccooviiniiiiiiiiiii e 69
The Various Steps in Enzymatic Gravimetric Methods ........ 70
Comparison of Methods ............ccoevveiiiiiniiiiiininininnnnn.n. 72
Other Current Gravimetric Methods .................cccceennen... 72
The Southgate Method for Unavailable Carbohydrates ........... 73
PrinCiples .......c.oceiiiiiiiiiiiii e 74
Performance ..........coooveiiiiiiiiiiiiiei e 74
Limitations ......ocovviiiniiniiiiiirineniereieieeeneeieeeeerenaanns 75
Analysis of Individual Components of Dietary Fibre .............. 75
Determination and Chemical Characterisation of Total
Dietary Fibre by the Uppsala Methodology ................. 77
Analysis and Characterisation of Soluble and Insoluble
Dietary Fibre .......c..cocoiiiiiiiiiiiiiiiiiicieea 79
Main Features of the Method of Englystetal. .................... 79
Alternatives for the Determination of Dietary Fibre
CONSHItUENES ....evnieniniiiiiiiiieiiii e eeeeeeeneanas 82
Collaborative Studies ...........coevveiiiviiiiniiiniiiiniieiieeienans 85
Studies under Review and Performance Criteria ................ 85
Total Dietary Fibre with Gravimetric Methods .................. 89
Non-starch Polysaccharides with the Englyst Procedures ...... 90
Separate Measurement of Insoluble and Soluble Dietary
FIDIE ..oviniiiiei e 91
Inter-method CompariSons ............ceevvuveuvinenennenennenenennns 91
Summary and Conclusions .............cceeevveiviniiieniiniininnennnnn. 93
Note Addedin Proof ...........c.ccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiieaannas 99
The MAFFIV Study ....ccoooiiiiiiiiiiiiiiiiiiiiii e 99
The AOACMethod .......coeiviiiiiiiiiiiiiiiiiiiiie e eeeans 100
(00)11111 15 11721 o PP PP P PPN 100

5. Gastro-intestinal Physiology and Function

N.W. Read and M. A. Eastwood .............c..cccceeveviveiuninnnnnn. 103
INtroduction ...........ccociiiiiiiiiiiiiiii e 103
How Do Non-starch Polysaccharides Reduce Absorption of
Nutrients in the Small Intestine? ............c...ccceevvveniennnnn.. 103
How Does Increasing the Viscosity of Gastro-intestinal
Contents Delay Absorption? ...........cccceevnveniiinnennnenn. 103
Unresolved ISSUES .........cccuvieniiiniiiiiiiiiiiiiiiniieeiiieieennens 107

Can Non-starch Polysaccharides Reduce Absorption by
Mechanisms Other than Increasing the Viscosity of

Gastro-intestinal Contents? .........cvovvvvivniieiieininnennnne. 109
Effects onthe Colon .......c.oovviiiiiiiiiiiiiiiiiiiiiieeneenenne, 112
Increased Stool Output .........c.oceeeviviniiiiiniinieniininniiennan, 112
Transit TIME ....ovvniniiniiiiiii e e eeaens 113
Laxative Action of Sequestered Bile Acids and Fatty Acids 113
Direct Irritant Effect of Particles ..........c.covviveiviininnennnn.. 113
Gas Formation ...........o.viiiiiiiiiiiiiiiiiiiiieeereereeneenannss 114

How does the Colon Adapt to Fibre? ..........c...ccocevennnnnen. 115



xii Contents

6. Bacterial Fermentation in the Colon and Its Measurement

C.A. Edwards and I.R. Rowland ..............c..ccccccvvviinnnn.n. 119
Introduction ...........cooooiiiiiiiiiiiiiiii 119
Fermentation ...........ccoeveiiiiniiiiniiiiieiie i eiee e e e 119
Colonic Bacteria ..........c.oeveiiiiiiiiiiiiiiiiiriniini e, 119
Carbohydrate Fermentation by Gut Bacteria ........................ 120
Dietary Fibre ........cooveiiiiiiiiiiiiiiiiii e, 120
Oligosaccharides ...........c.oceveviniinieniiiennennennnnn, e 122
Resistant Starch ............cooiiiiiiiiiiiiiii 122
Mucins and Mucopolysaccharide ..............ccooeveiiiiinan.... 122
Enzymes Involved in Polysaccharide Degradation .............. 123
Fermentation Products ..............ccccoviiviiiiniiiiniiiiniinniennns 123
Short Chain Fatty Acids .........ccccoveiviiiiviiiiiiiinininennne, 123
Products of Protein and Amino Acid Degradation .............. 124
Gaseous Products ..........c.cceeieiviiiiiiiiiiiiiiiiiiieeie e, 125
Measurement of Colonic Fermentation In Vivo .................... 125
Human Models ..........cccooiiiiiiiiiiiiiiiiiiiiiiinceeee e, 125
Patients with COlOStOMIES .........ccccvevviniriineniiniiniirnnnnnnns. 127
Faecal Analysis ........cocoviuiiiiiiiiiiiiiiiiiiiiii e, 127
Animal Models ........ccoeveiiiiiiiiiiiiiiiiiii e 127
Measurement of Colonic Fermentation In Vitro .................... 128
Static In Vitro Systems ...........ccciiiiiniiiininiiiiiniineinnann, 129
Continuous and Semi-continuous Culture Systems .............. 130
Studies of Carbohydrate Fermentation ............................ 131
CONCIUSIONS ..e.vniniiiniiiniie et eeeenens 132
COMMENTATY ....ivniiniiniiiiiiiniitiiei et ee e e eeneeneas 136

7. Metabolism and Utilisation of Short Chain Fatty Acids
Produced by Colonic Fermentation

C. Rémésy, C. Demignéand C. Morand ..................c........... 137
Background ..........ccocoiiiiiiiiiiii e 137
Metabolism of SCFA by the Digestive Tract ......................... 137
Comparison of SCFA and Glucose Absorption ..................... 139
Hepatic Metabolism of SCFA ...........ccocoiiiiiiiiiiiiiiinenn, 139

Acetate MetaboliSm ..........ccooevviiiiiiiiiiiiiiiiiienieeens 141

Propionate MetabolisSm ...........ccoovevviviiiiiiiiiiiiiiiieinian.. 142

Butyrate Metabolism ..........ccocveeviiiiiiiiiiiiiininiiiieeeane, 144
Extrasplanchnic Metabolism of Acetate ..............c..cceeuuenenn. 145
SCFA and Lipid Metabolism .............cc.ocoveieiiiiiniininnnnn.n, 145
Energy ASPECts ......ccviiniiiiiiiiiiiiii e 146
CONCIUSION ...vuiiniiiiiiiniiiiiii e 147
COMMENLATY ..evvivniiiniiiiiiiii et eieeaeans 150

SectioN II.  Physiological Effects

8. The Influence of Dietary Fibre on Protein Digestion and

Utilisation

B. O.EgQUM ......c.cooviiiiiiiiiiiiiiiiiiiii 153
INtroduction .........ccovuiiiiiiiiiiii e 153



Contents xiii

ExperimentswithRats ...........c.coooiiiiin, 154
Conclusionfrom ExperimentswithRats .......................... 157
ExperimentswithPigs ...........coooooiii 157
Conclusion from Experiments withPigs ...................oooeeni 159
ExperimentswithHumans ..................... 159
Conclusion from ExperimentswithHumans ....................... 161
General Conclusion ...........ccoeeiviviiiiiniiiiiiininieinn 161

9. The Influence of Dietary Fibre on Lipid Digestion and

Absorption

LT.JORNSON .......c.ooviniiiiiiiiniiiiiiiiiiiiii ittt 167
Introduction .........c.cociiiiiiiiiiiiii 167
Digestionand Absorptionof DietaryFat .......................o..... 167
Inhibition of Lipolytic ACtivity ..........cccocviiiiiiiiiniiniiniinann... 169
Formationand CompositionofMicelles ...............cccceeeeenen.e. 171
Effectsof Fibre on Intraluminal Lipid Transport ..................... 172
The Cellular Phase: Adaptationto Prolonged Fibre Intake ......... 174
CONCIUSIONS ...ucvtiniiniiiiiiiiii e 176
COMMENTATY ..evninninininiineiiiet ettt et ee e s et e eneeneaneas 179

10. The Influence of Dietary Fibre on Carbohydrate Digestion

and Absorption
B. FloUTié .....c.ccuvvviniiiiiiiiiiiiiiiiiiiiiiiiiiiiiinin e 181
INtroduction ..........cccoveiiiiiiiniiiiiiniii 181
Acute Effects of Dietary Fibre on Factors Affecting Digestion
and Absorption of Carbohydrates .............ccccveuvinvinninnen 182
Influence of Dietary Fibres on Gastric Emptying ................ 182
Influence of Dietary Fibres on Small Intestinal Digestion and
ADSOIPLION ..euvvniniiiiiiiiiiiiiiiiii e 185
Chronic Effects of Dietary Fibre on Factors Affecting Digestion
and Absorption of Carbohydrates ..............cccveuviniinininn 190
ConClUSION ....ouuininiiiiiiiiiiiiii 192
(01031111115 1 17:1 o TN 196

11. The Influence of Dietary Fibre on Mineral Absorption and
Utilisation

L. Rossander, A.-S. Sandberg and B. Sandstrom ................... 197
Introduction ..........cccovviiiiiiiiiiiiiiii 197
Methodological Considerations in Studies on Mineral
Absorptionin Humans ..............ccooeiiiiiininn 197
Effects of Fibre and Fibre-Associated Compounds on Mineral
Absorptionin Humans ...........ccccceeeveniiniiiiniininnennennen. 198
Effect of Non-starch Polysaccharides and Lignin ................ 198
Effect of Fibre-Associated Compounds ...............coveuninnnes 199
Mineral Absorption from Fibre-Rich Diets ....................... 204
Interactions Between Dietary Components ....................... 205
The Significance of the Phytate Content in the Diet ............ 206
The Influence of Food Processing on Mineral Absorption ....... 207

Extrusion COOKING .......ccccuveuiinieniiiniiiiiiiiiiieiiieinninan. 207



xiv Contents

Soakingand Malting ...............cooiii 207
Fermentation ............c.ocoviiiiiiiiiiiiiiii e 208
The Possibility of Predicting Absorption Using In Vitro and
Animal Models ..........c.ceeiviiiiiiiiiiiiirii e 208
In VItro Studies .......cccceeuvviiiiniiiiiieiiiiiiiieen e, 208
Animal Models .........coooeiiiiiiiiii e 210
CONCIUSIONS ...eueniniiinieniet et ee et e e e eieenaans 210
Points Of CONSENSUS .......ovueuineiiniinieiiieeereieiaeienenanaanss 210
Implementation of Present Knowledge by the Food Industry
and Legislative Bodies ...........c..ccoceveviiiiiineininiinnn.. 211
Areas for Future Research ...........c.cooiiiiiiiiiinninnnn.. 211
(0/0) 111111511 1 o SRR P PP UPRPRPPR 216
12. Dietary Fibre and Bile Acid Metabolism
F.M. NGGeNngast ..........c.ccccveuveuiiiiiiiiiiiiiiieiiiiininaieeneannn, 217
INtroduction ..........cccooeviiiiiiiiiiiiii 217
Bile Acid MetaboliSm ...........ccccceevviiiiiiiiiiiiiiiiii e 217
Colonic CarcinOZENESis ..........oeevereernernerneeneineeniineinerenennens 218
FIDIE .onininiiii e 218
Fat .o 219
Dietary Fibre and Bile Acid Metabolism ............................. 219
Fibre and Biliary Bile Acids ............cc.coevviviiniiiniiiinen... 220
Fibre and Faecal Bile Acids .............ccccovvvveiiiniininiininnn... 223
CONCIUSIONS ...eeuiniiiiniiiieiiiiie e 228

13. Faecal Bulking and Energy Value of Dietary Fibre

E. Wisker and W. Feldheim ................cc.ccccovvvveeiniiinninnnnnn, 233
Introduction ...........ccceeiiiiiiiiiiiiii e, 233
Faecal Bulking Effect of Dietary Fibre .....................c..oo.... 233
Physico-chemical Properties ..........c..cccocvviiiviiniiiiannnnnn., 234
Personality Factors ............cccoviviiiiiiiiieiniiiicccieenn, 235
Mechanisms of ACtion .............coevviviiiniiieiniiniineiniinnianss 235
CONCIUSIONS ...uvuiiiiiniiniiiiiriie it 236
Energy Value of Dietary Fibre ............cc.coocovvviiiiiiininn... 236
Estimation of the Digestible and Metabolisable Energy of
Dietary Fibres ........cccoviiiiiiiiiiiiiiiiiieiececee, 237
Calculation of the Metabolisable Energy of Fibre-Rich Diets 241
(0001111131171 S P 246

SEectiOoN III. Prevention and Treatment of Disease

14. Dietary Fibre in the Prevention and Treatment of
Gastro-intestinal Disorders

K. W HEGION .........coveiniiiiie e, 249
INtrodUCLION ....viviniiiei e, 249
Sliding Hiatus Hernia ...............cccccceiiiiiiiniiiiiinniiie, 249
Duodenal UICET .......ouininiiiiii e, 250
GallStONES ....vnvieiii e 250



Contents XV

APPENdICILIS ...ovvvniiniiiiiiiii e 252
Constipation ..........coooviiiiiiiiiiiii 253
Irritable Bowel Syndrome ...........c.ccoviiiiiiiiiiiiiiiiiiiinnian... 255
Diverticular Disease of the Colon .............ccocoeeiiiiiniinianan... 256
Cancer of the Large Bowel ..........cccoevviiiiiiiiiiiiiiiininieanan, 257
ConClUSIONS .....uiuiiiiiiiiiii i e 259
COMMENLATY ivviiiiiiiiiiini it ea e 263
15. Dietary Fibre in the Prevention and Treatment of Obesity
S.ROSSHEY .ottt e e e e e neans 265
INtroduction ..........coeviiiiiiiiiiiiii i 265
Fibre Trial Design Problems in Obesity ...............cccceeuvennnenn. 265
Indicators of Success of Obesity Treatment .......................... 267
Dietary Fibre in Obesity .........ccocoviiiiiiiiiiiiniiiiiiiinieeenen, 268
Dietary Fibre and Energy Intake ..............c.cccooiiiiiiinnni. 269
Effects of Dietary Fibre on Hunger, Appetite, Satiation and

SAtIBLY teueniiii i e 270
Effects of Dietary Fibre on Weight Loss ....................... S 271
Dietary Fibre in the Prevention of Obesity ........................... 273
Dietary Fibre, Obesity and Hypertension ............................ 273
ConClUuSIONS ...o.vuiniinitiiiiii e e 274
COMMENLATY ...oivtininiiiiiiiiiii i ie e e ee e e e raiaans 276

16. Dietary Fibre in the Prevention and Treatment of Diabetes
Mellitus

M. Bergerand A. Venhaus ..............cccceevuiininiiiinienennnnannns 279
INtroduction .......ccccoiiiiiiiiiiiiiii e 279
Different Glycaemic Responses of Foods ...............ccceceuveini, 279
Metabolic Effects of Fibre ...........ccccoeviiiiiiniiiiiininiinnnn.n, 280
Studies with Soluble Fibre .............ccocviviiiiiiiiiniininininn.n, 281
Insoluble Fibre and High-Carbohydrate, High-Fibre Studies 281
Acceptability of High-Carbohydrate, High-Fibre Diets ........ 283
No Direct Effects of Fibre in Diabetes Treatment? ................ 283
Evidence Suggesting Starch as the Responsible Factor for
Different Glycaemic Responses ..........cccccoveueenniiniinn... 284
Effects of Thermal Processing and Starch Characteristics ..... 284
Mechanical Processing and “Antinutrients” ...................... 285
Studies Including Fibre and the Effect of Processing ............ 286
Conclusions and Areas for Future Research ......................... 287
(00)1111115) 11721 o PRSP PR PSPPI 292

17. Dietary Fibre and Plasma Lipids: Potential for Prevention
and Treatment of Hyperlipidaemias

A.S. Truswelland A.C. Beynen ...........cc.cccceueeeineunininnnnnnnnns 295
INtroAUCHION ...ovinniiiii i e e neaes 295
Wheat FIDI€ .....c.ooiiiiiiiiiiiiii e 296
| 10 41 1 L TP 298
(€11 T TR 303
Oat FIDre ..o e 309



Xvi Contents

Lignin .....ooooviiiiiiiiiii 317
Other Types of Dietary Fibre ..........cccccoevieviiiiiiininnenn.., 317
Legumes .......cooovvviiiiiiiiiiii 318
WHhole FOOdS .....oviniiiiiiiiiiii e 322
DISCUSSION ...uininiiiiiiii et e e eneenene, 323
(00) 116 111 (o) 1 NN 324
(0/0) 11111153 1171 A PN 332
General Discussion .................coooiiiiiiiiiiiiiii 333

Subject INdeX .........cocoeiiiiiiiiiiiiii e 349



Contributors

Authors

Prof. N.-G. Asp
Department of Applied Nutrition and Food Chemistry, Chemical
Centre, University of Lund, PO Box 124, S-221 00 Lund, Sweden

Prof. M. Berger

Medizinische Klinik der Universitit Diisseldorf, Abteilung
Stoffwechsel und Ernidhrung, Moorenstrasse 5, D-4000 Diisseldorf 1,
Germany

Prof. A. C. Beynen!
Department of Lab. Animal Science, Veterinary Faculty, University
of Utrecht, PO Box 80166, NL-3508 TD Utrecht, The Netherlands

Dr. C. Demigné
I. N. R. A., Laboratoire des Maladies Métaboliques, Centre de
Clermont Ferrand-Theix, F-63122 Ceyrat, France

Dr. M.A. Eastwood!
Gastrointestinal Unit, Western General Hospital, University of
Edinburgh, Edinburgh EH4 2XU, UK

Dr. C.A. Edwards
Department of Human Nutrition, University of Glasgow, Yorkhill
Hospital, Glasgow G3 8SJ, UK

Prof. B.O. Eggum
National Institute of Animal Science, Animal Physiology and
Biochemistry, Foulum, PO Box 39, DK-8830 Tjele, Denmark

Prof. W. Feldheim

Institut fiir Humanernihrung und Lebensmittelkunde, Christian-
Albrechts-Universitit, Diisternbrooker-Weg 17-19, D-2300 Kiel,
Germany

Dr. B. Flourié
Service de Gastroentérologie, Hopital Saint-Lazare, Rue du
Faubourg Saint-Denis 107, F-75475 Paris Cédex 10, France



xviii Contributors

Dr. F. Guillon!
I.N. R. A,, Laboratoire de Biochimie et Technologie des Glucides,
Boite postale 527, F-44026 Nantes Cédex 03, France

Dr. K.W. Heaton
Department of Medicine, Bristol Royal Infirmary, Bristol BS2 8HW,
UK

Dr. I.T. Johnson
AFRC Institute of Food Research, Norwich Laboratory, Colney
Lane, Norwich NR4 7UA, UK

Dr. M. Lahaye!
I.N. R. A., Laboratoire de Biochimie et Technologie des Glucides,
Boite postale 527, F-44026 Nantes Cédex 03, France

Dr. C. Morand’
I.N. R. A., Laboratoire des Maladies Métaboliques, Centre de
Clermont Ferrand-Theix, F-63122 Ceyrat, France

Prof. E.R. Morris
Cranfield Institute of Technology, Silsoe College, Bedford MK45
4DT, UK

Dr. F.M. Nagengast

Department of Medicine, Division of Gastroenterology, Academic
Hospital Nijmegen, PO Box 9101, NL-6500 HB Nijmegen, The
Netherlands

Prof. N.W. Read
Centre for Human Nutrition, University of Sheffield, Northern
General Hospital, Sheffield S5 7AU, UK

Dr. C. Rémésy’
I. N. R. A., Laboratoire des Maladies Métaboliques, Centre de
Clermont Ferrand-Theix, F-63122 Ceyrat, France

Dr. L. Rossander
Department of Medicine II, Sahlgrenska Hospital,
S-413 45 Goteborg, Sweden

Prof. S. ROssner
Obesity Unit, Karolinska Hospital, S-104 01 Stockholm, Sweden

Dr. I.R. Rowland
British Industrial Biological Research Association, Woodmansterne
Road, Carshalton, Surrey SMS5 4DS, UK

Dr. A.-S. Sandberg

Department of Food Science, Chalmers University of Technology,
c/o SIK — The Swedish Institute for Food Research, Box 5401,
S-402 29 Goteborg, Sweden



Contributors Xix

Dr. B. Sandstrom
Institute of Human Nutrition, Rolighedsvej 25, DK-1958
Fredriksberg C, Denmark

Dr. T.F. Schweizer
Nestlé Research Centre, Nestec Ltd, Vers-chez-les-Blanc,
PO Box 44, CH-1000 Lausanne 26, Switzerland

Prof. D.A.T. Southgate
AFRC Institute of Food Research, Norwich Laboratory, Colney
Lane, Norwich NR4 7UA, UK

Prof. O. Theander®
Department of Chemistry, Swedish University of Agricultural
Sciences, Box 7015, S-740 07 Uppsala, Sweden

Dr. J.-F. Thibault
I.N. R. A., Laboratoire de Biochimie et Technologie des Glucides,
Boite postale 527, F-44026 Nantes Cédex 03, France

Prof. A.S. Truswell?
Human Nutrition Unit, University of Sydney, New South Wales
2006, Australia

Dr. A. Venhaus!

Medizinische Klinik der Universitat Diisseldorf, Abteilung
Stoffwechsel und Erndhrung, Moorenstrasse 5, D-4000 Diisseldorf 1,
Germany

Dr. E. Wisker'

Institut fiir Humanerndhrung und Lebensmittelkunde, Christian-
Albrechts-Universitit, Diisternbrooker-Weg 17-19, D-2300 Kiel,
Germany

Invited Discussants

Dr. J.H. Cummings®
Dunn Clinical Nutrition Centre, 100 Tennis Court Road, Cambridge
CB21QL, UK

Dr. H.N. Englyst®

Dunn Clinical Nutrition Centre, 100 Tennis Court Road, Cambridge
CB21QL, UK

Scientific Planning Group

Prof. J. Mauron (Chairman)
Av. de Blonay 2, 1800 Vevey, Switzerland



XX Contributors

Prof. N.-G. Asp (Coordinator for Chapter 4)
Department of Applied Nutrition & Food Chemistry, Chemical
Centre, University of Lund, PO Box 124, S-221 00 Lund, Sweden

Dr. M.A. Eastwood
Gastrointestinal Unit, Western General Hospital, University of
Edinburgh, Edinburgh EH4 2XU, UK

Prof. M. Fondu
ILSI Europe, Avenue E. Mounier 83, Bte 6, B-1200 Bruxelles,
Belgium

Dr. T.F. Schweizer
Nestlé Research Centre, Nestec Ltd, Vers-chez-les-Blanc,
PO Box 44, CH-1000 Lausanne 26, Switzerland

Workshop Chairman

Dr. D. Kritchevsky
The Wistar Institute of Anatomy and Biology, 3601 Spruce Street,
Philadelphia, Pennsylvania 19104, U. S. A.

! Did not participate in the workshop.

2 On sabbatical leave at Department of Human Nutrition,
Wageningen Agricultural University.

3 Were invited to contribute chapters but participated in the
workshop only and did not want to be associated with a chapter.



Section I

Background Papers




Section I1

Physiological Effects




Section I11
Prevention and Treatment of
Disease




Chapter 1

The Dietary Fibre Hypothesis:
A Historical Perspective

D.A.T. Southgate

Introduction

Most major scientific advances have not developed in a vacuum but have had
their foundations in the body of scientific knowledge derived from previous
work. This is particularly true of the dietary fibre hypothesis (Walker, 1974,
Burkitt, 1983; Burkitt and Trowell, 1975) whose foundations were laid in three
major strands of scientific endeavour. A historical account of the dietary fibre
hypothesis must, therefore, start with an account of the research that provided
the base from which the hypothesis emerged in the early 1970s.

A number of conditions need to be satisfied for a new hypothesis to attract
sufficient interest: first, that the hypothesis provides a paradigm that is in accord
with current scientific thinking when the hypothesis is first proposed (Carpenter,
1986); second, that technical developments in the field are such that the
hypothesis can be tested; and third, it should, ideally, offer the possibility of
understanding relationships that could not be understood by the application of
existing concepts (Trowell, 1985). In discussing the development of scientific or
other concepts there is the danger that hindsight may delineate paths that were
not at all evident to those working at the time. Nevertheless the dietary fibre
hypothesis, like all integrative scientific concepts, depended on research findings
in several different fields (Southgate, 1975a).

The three major strands of research that provided the foundation for the
hypothesis are closely interdependent and I have endeavoured to present them
as an interwoven account. First of these three strands is the developing
understanding of the chemistry of the carbohydrates in general, but of the plant
cell wall carbohydrates in particular. The parallel developments in analysis are
inseparable from this strand and the chapter on the analysis of dietary fibre
should be read in conjunction with this element of the present account.

The second strand relates to developments in the understanding of the
physiological role of the carbohydrates in foods. The third strand concerns the
relationships between diet and the incidence of chronic diseases, in particular
the role of the polysaccharides in the diet. The dietary fibre hypothesis arose
amongst researchers working in this field (Trowell, 1985) but its subsequent
development has depended on bringing these three strands of research to focus
on the issue of the relationship between diet and health and the incidence of
disease.

T. F. Schweizer et al. (eds.), Dietary Fibre — A Component of Food
© Springer-Verlag London Limited 1992



4 Dietary Fibre - A Component of Food

Developments in the Chemistry and Analysis of Food
Carbohydrates: Early Studies on the Chemistry of Foods

Simple sugars had been isolated from fruits, milk and blood and it was known
that starch could be hydrolysed to sugars by acid and by malt diastase by the
middle of the nineteenth century, but these early studies were not linked to any
nutritional role (McCollum, 1957). This was primarily due to the difficulties of
analysis and the lack of any conceptual framework for nutrition. In the
elemental systems for analysing foods, carbohydrates were merely hydrates of
carbon. As the proximate system developed, in the absence of specific analytical
techniques, it was reasonable to measure the water, the nitrogenous material,
the lipid-solvent soluble material and the mineral matter and consider the
remainder carbohydrate (Henneberg and Stohmann, 1860).

As the proximate system for analysis began to be used in studies of ruminant
nutrition at the Weende Experimental Station in Germany it became clear that
the digestion of the carbohydrates showed that two fractions could be
distinguished, an insoluble fibrous fraction and the soluble fraction that was
digested during the course of ruminant digestion; this observation led to the
development of the classical crude fibre method (AOAC, 1980), using
successive acid and alkaline digestion simulating the digestive processes (sic).
The soluble fraction was given the rather strange designation “‘nitrogen free
extractives” a term that remained in use until the 1960s.

Concerns about the Energy Value of Foods

At the forefront of nutritional questions in the late nineteenth and early
twentieth centuries was the issue of whether the laws of thermodynamics applied
to animals (Atwater, 1900). The interest was both practically based, because of
the economics of animal production, and theoretical. In these studies both
Rubner and Atwater applied the proximate system of analysis to the diets of
their experimental animals and human subjects. The detailed calorimetric
studies of Atwater (1900) in particular, showed that carbohydrate ‘“by
difference” gave a very good prediction of the digestible energy of the human
diet. Atwater, however, realised that foods that contained significant amounts of
crude fibre increased faecal energy losses and he evolved a series of specific
energy conversion factors that corrected for the effects of indigestible fibre on
the energy value of foods (Merrill and Watt, 1955). These factors adjusted the
protein and fat conversion factors to correct for the effects on the apparent
digestibility of the indigestible components. Atwater’s studies suggested that
crude fibre did not contribute metabolisable energy to the body.

Rubner and his colleagues took up this topic again during the First World War
when food shortages in Germany necessitated a search for alternative sources of
energy for both animals and humans (Rubner, 1917a). Analytical chemistry had
advanced considerably since the proximate system had been proposed and
Rubner was able to carry out some detailed analyses of the components of the
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plant cell wall, using hydrolysis and reducing sugar methods and distillation for
the measurement of pentosans with gravimetric measurements of residual
Klason lignin (Rubner, 1917b).

Studies on the Chemistry of Plant Cell Walls

The chemical studies on the carbohydrates continued to develop following the
war as new techniques for elucidating the structures of the polysaccharides were
developed and the structures of the monosaccharides were better understood.
Fractionation studies of the cell wall polysaccharides particularly of woody
tissues established nomenclature for the water-soluble, alkali-soluble, cellulosic
and lignin fractions (O’Dwyer, 1926; Norman, 1937).

Nutritional Studies on Food Carbohydrates

As these chemical studies were developing, another stimulus to the study of the
nutritional role of carbohydrates in man became very strong; this stimulus was
diabetes mellitus which, until the availability of insulin, could only be managed
by dietary means. For this the values for food carbohydrate “by difference” in
the proximate system were very unreliable because foods that contained plant
cell wall were incorrectly excluded. McCance and Lawrence (1929) carried out a
very thorough and perceptive review of the information that was emerging about
the chemistry of the carbohydrates and proposed that the carbohydrates in foods
should be considered in two categories depending on whether or not they were
digested in the small intestine and were absorbed as carbohydrate. Those that
were digested made up the “Available Carbohydrates™ that were glucogenic in
man and therefore needed to be controlled in the diabetic diet. The indigestible,
structural carbohydrates from the plant cell walls in foods made up the second
category: the “Unavailable Carbohydrates” or roughage. It was well established
at that time that these cell wall components were fermented in the large intestine
to short chain fatty acids and McCance and Lawrence debated whether these
fatty acids would provide energy to the body. Their use of the word
“unavailable” applied to the capacity of these components to provide
carbohydrate for absorption not energy. In any case they argued that the
amounts of energy provided would be relatively small in relation to total intake.

In the context of the nutrition of the ruminant and non-ruminant herbivore,
the fermentation of plant cell walls and the provision of energy from this source
was, however, of much greater importance and there was a large body of
research on the digestion of fibre which was reviewed by Mangold (1934). This
review came to the conclusion that there was no evidence for the existence of
small intestinal enzymes that could hydrolyse the polysaccharides present in the
plant cell wall and that the losses observed in the course of transit through the
gut were due to the activities of the microflora. The review also commented on
the variability in the values for apparent digestibility of fibre which at that time
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was ascribed to differences in cell wall composition, although it was recognised
that analytical techniques were unsatisfactory.

The report of McCance and Lawrence (1929), while commenting on the
unsatisfactory features of the proximate system for carbohydrates, recom-
mended that, for human nutritional purposes, the carbohydrates in foods and in
the diet should be measured directly as the techniques were available, which was
not the case when the proximate system of analysis was developed 60 years
previously. This recommendation led Widdowson and McCance (1935) to
develop methods for measuring the available carbohydrates separately as free
reducing sugars, sucrose and starch. By using a series of different reductiometric
methods they showed that it was possible to measure glucose, fructose and
sucrose separately in foods. Starch was measured after enzymatic hydrolysis with
takadiastase, again using a combination of reducing methods to measure the
glucose and maltose produced by the enzyme. This work laid the foundations for
the UK practice of measuring and recording the carbohydrates directly in food
composition tables and nutritional databases (McCance and Widdowson, 1940;
Paul and Southgate, 1978). Alongside the development of methods for
measuring available carbohydrates, techniques for measuring the unavailable
components were developed for fruits, nuts and vegetables (McCance et al.,
1936). The application of the method produced a value for the non-starch
polysaccharides plus lignin which was called “Unavailable Carbohydrate” or
roughage although the latter term was dropped in the first edition of The
chemical composition of foods (McCance and Widdowson, 1940).

In the United States parallel developments for the measurement of available
carbohydrates were made by Williams et al. (1940). These authors also turned
their attention to the limitations of the crude fibre procedure; a procedure which
had remained virtually unchanged in principle since it was first proposed.
Williams and Olmsted were concerned, however, with the so-called simulation
of digestion and developed a more physiological approach in a biochemical
method for indigestible material. Their method (Williams and Olmsted, 1935)
involved a preliminary proteolytic digestion using pepsin in dilute acid followed
by a amylolytic hydrolysis using pancreatin in alkaline buffer. The residue was
hydrolysed in dilute acid and the reducing sugars measured to give a measure of
hemicelluloses and the cellulosic fraction was solubilised in strong 72% w/w
sulphuric acid. The residual insoluble “lignin” was measured gravimetrically.
Both soluble and insoluble hemicellulose fractions could be measured by
variations in the procedures.

At about this time there was growing interest in clinical research on the
significance of laxation for health and the studies of the chemistry and
nutritional role of the carbohydrates start to interact with the strand that links
the consumption of carbohydrates with health.

The Ancient Greek physicians were well aware of the effects of hlgh
extraction cereal foods on faecal performance and had strong views on the
desirability of avoiding constipation (British Nutrition Foundation, 1990). Their
views show some inconsistencies in that the Pythagoreans regarded beans as
being undesirable components of the diet because of the flatulence they caused.
It is possible to identify a consistent belief since that time that constipation was
undesirable and some extreme views were held about the significance for health
of fermentation in the large bowel. The activities of Graham, Kellogg and
Allinson (Heaton, 1991) in promoting the value of high extraction cereal
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products because of their beneficial effects on laxation were all seminal to this
growing interest in the effects of diet on large bowel function. Cowgill and
Anderson (1932) had suggested that a minimum intake of crude fibre was
essential for normal laxation.

Williams and Olmsted used their technique for the analysis of the indigestible
residue to try to establish the mechanism of laxation by feeding residues from
different plants (with different proportions of cellulose, hemicellulose and
lignin). They were able to show that the faecal bulk was more influenced by the
hemicelluloses than the cellulose or lignin, the two components of crude fibre,
and that the concentrations of short chain fatty acids in the stools did not seem to
be related to laxation rates (Williams and Olmsted, 1936). The methods were
also used by Macy and her colleagues in their study of the nutrition of children
(Macy, 1942; Macy et al., 1943).

The Impact of New Techniques on the Study of
Carbohydrates

In the years following the Second World War a number of significant
developments occurred in the study of the chemistry of the carbohydrates. These
included the development of colorimetric analytical procedures that permitted
the measurement of small amounts of carbohydrates (Dische, 1955); the use of
nuclear magnetic resonance (NMR) as a powerful tool for investigating the
structure and configuration of carbohydrates and most significantly the
introduction of chromatographic methods for separating the component
monosaccharides (Jermyn and Isherwood, 1956). These led to an upsurge in the
studies of the polysaccharides in plant tissues and research programmes on the
biosynthesis of the plant cell wall. Paper chromatography combined with the
new colorimetric procedures opened up the study of the fractions of the plant
cell wall obtained by the classical procedures developed earlier (Thornber and
Northcote, 1961). Ion exchange chromatography of carbohydrates proved more
difficult and the application of gas chromatographic methods had to await the
development of volatile derivatives (Bishop, 1964).

These new techniques were applied vigorously in the study of digestion in the
ruminant where the plant cell wall materials in forages provided the major
source of energy for growth and production. The studies were assisted by the
fact that volatile fatty acids could be studied directly by the new chromato-
graphic methods and that the methyl esters of the longer chain fatty acids were
also suitable for analysis by gas chromatography. These studies were
accompanied by complementary researches on the interaction between the
rumen microflora and the polysaccharides so that understanding of the
anaerobic fermentation of the carbohydrates developed rapidly (Hungate,
1966). The research on the structure of polysaccharides was accompanied by
research on the physical properties of isolated materials, especially the gums
whose physical properties had been found empirically to be useful as food
additives (Glicksman, 1969).
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The Energy Values of Carbohydrates in the Human Diet

The problems of feeding Europe after the war reawakened an interest in the
energy value of carbohydrates in the diet. The initial difficulties stemmed from
the continued use of carbohydrate “by difference” values in the USA for the
composition of foods and the use of direct values for the available carbohydrates
in the UK. The use of the two systems resulted in the projected energy values of
cereal supplies changing as they crossed the Atlantic and a controversy
developed over the validity of using the Atwater energy conversion factors,
derived for use with carbohydrate by difference values, for available
carbohydrate (Maynard, 1944).

In order to resolve the issue the Medical Research Council supported an
experimental re-evaluation of the energy conversion factors (Durnin, 1961;
Southgate and Durnin, 1970). As part of this research it was clearly necessary to
develop procedures for measuring the unavailable carbohydrates directly. In
starting this work a number of different approaches were examined following the
McCance and Widdowson principle that direct measurement of the carbo-
hydrates was desirable. The Southgate procedure (Southgate, 1969a, b;
Southgate, 1981) was the outcome of these studies. The procedure was
developed so that a complete carbohydrate analysis of sugars, starches,
non-cellulosic polysaccharides, cellulose and lignin could be carried out
sequentially on the same sample. The methods could be applied to foods and
faeces and we were able to measure the intake and excretion of the complex
carbohydrates in 54 subjects on two levels of intake of unavailable carbohydrates
and 10 subjects on three levels (Southgate and Durnin, 1970). The studies
confirmed the fact that both the non-cellulosic and cellulosic polysaccharides
were degraded during intestinal transit. The studies also showed that when
intakes of wholemeal bread were increased there was a very substantial increase
in the pentosan content of the faeces. The increased faecal losses of energy when
the intakes of unavailable carbohydrates were increased were consistent with the
view that for practical dietetic purposes the unavailable carbohydrates could be
discounted in calculations of energy intake. At the same time the more detailed
analysis of the conceptual basis of energy conversion factors showed that it was
theoretically unsound and that an empirical system based on measurements of
gross energy content (heat of combustion) and dietary analysis for protein, fat,
available and unavailable carbohydrates would not have these theoretical
limitations (Southgate and Durnin, 1970; Southgate, 1975b).

Studies on the Analysis of Fibre

Over the same period in the USA Peter Van Soest was engaged in detailed
studies of the analysis of fibre in forages. The crude fibre method had been the
subject of much criticism within the animal nutritional community; in fact the
criticism is evident in unpublished material in the reports of the Weende
Experimental Station at the time the method was published (Van Soest and
McQueen, 1973). The criticisms were mainly technical because the empirical
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nature of the method required very strict attention to the prescribed protocol if
consisterit and repeatable results were to be obtained. The value of the method
of predicting the indigestible fraction in forages was also questioned and Van
Soest was given the task of assessing the procedure and improving it. One of the
problems related to the variable nitrogen content of the residue. Walker (1959)
showed that inclusion of a detergent in the acid stage of the procedure resulted
in low nitrogen residues and that the modified Normal Acid Fibre method was a
more repeatable and reliable method. Van Soest further developed the use of
detergents in fibre analysis and produced a series of methods (Van Soest, 1966).
The Acid Detergent Fibre (ADF) method (Van Soest, 1963) gave a good
measure of cellulose and lignin; Neutral Detergent Fibre (NDF) (Van Soest and
Wine, 1967) gave a good estimate of the insoluble cell wall material. In addition
procedures for lignin, cutin and silica were also developed (Van Soest and Wine,
1968). These procedures were all gravimetric.

The application of the new techniques for the analysis of plant cell wall
material in foodstuffs was very much focused on cereal foods especially wheat
and bread. Fraser and his colleagues at the Laboratory of the Government
Chemist in the UK combined the new techniques with some well established
carbohydrate methods in detailed analyses of wheat flours (Fraser et al., 1956).
Thomas in Berlin developed a series of studies on the cell wall material in wheat
flours and bran, and also carried out some physiological studies on the effects of
“Ballastoffe” (Thomas, 1964).

Dietary Fibre as a Protective Component of the Diet

There was at this time little clinical interest in the complex carbohydrates in
foods apart from the link with constipation. However, in 1953 a paper appeared
in the British Medical Journal (Hipsley, 1953) which reported the results of an
epidemiological study of toxaemia in pregnancy and made the claim that the
results showed that the plant cell walls in the diet, the “dietary fibre” intake,
appeared to be protective. The paper seemed to attract little interest at the time.

There were a number of significant pieces of research conducted during this
period that are relevant to the subsequent development of the dietary fibre
hypothesis. These concerned firstly a growing interest in the relation between
diet and disease incidence, in particular that of atherosclerosis and coronary
heart disease (CHD). These studies focused very strongly on the relation
between the intake of fat in different communities and the relation between fat
intake, cholesterol levels in the blood and the incidence of CHD. Here the work
of Ancel Keys and his colleagues was very influential in the development of
views about the relation between diet and disease incidence (Keys, 1970).
Although the work at that time was focused on saturated fat intakes some other
findings emerged for example there was evidence that a diet rich in fruits and
vegetables had cholesterol-reducing properties (Keys et al., 1961). Studies on
bile salt metabolism also showed that some plant materials had profound bile
salt binding effects (Kritchevsky and Story, 1974). In vitro studies of bile salt
binding also showed that lignin preparations had strong binding properties
(Eastwood and Girdwood, 1968).
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This was the period when Hugh Trowell, working in East Africa, was
developing his ideas on non-infective diseases in Africa which showed a very
different pattern to that seen in the affluent Western world (Trowell, 1960).
Walker, working in Southern Africa, had also noticed the difference in the
patterns of disease incidence (Walker, 1956) and had been intrigued by it, as had
Burkitt on the basis of his surgical experience. Burkitt and Trowell, as a result of
their observations, became convinced that an environmental factor was involved
and focused on diet as being the most likely reason for the differences in disease
patterns. Burkitt was influenced by the book by Surgeon Captain Cleave and his
colleagues Diabetes, coronary thrombosis and the saccharine disease (1969)
which attributed the diseases of Western civilisation to the excessive
consumption of refined sugars and starches. However, Burkitt began to realise
that it was more probable that the removal of fibre from the plant foods during
the refining process was the key to the problem.

The Dietary Fibre Hypothesis Emerges

In 1971 a paper appeared that I regard as marking the start of the dietary fibre
hypothesis; the paper by Painter and Burkitt (1971) which postulated that
diverticular disease was a deficiency disease of Western civilisation caused by a
lack of fibre in the diet. Painter’s experimental work on measuring pressures
developing in the large intestine, the pathological features of the condition, and
his experience in treating the condition with cereal bran all provided a range of
evidence that supported the hypothesis. In the same year two papers by Burkitt
proposed that appendicitis (Burkitt, 1971a) and colorectal cancer (Burkitt,
1971b) were also related to a low consumption of fibre. The data on
consumption of fibre were calculated from values for crude fibre in foods.

Trowell at this time had retired from medicine and was collecting a substantial
volume of literature that linked other diseases to fibre intake. These included
obesity, diabetes and coronary heart disease (Trowell, 1972a, b). This linked
back to his work on non-infective diseases and the differences in their incidence
in rural Africa and Western countries. In his reading he became convinced that it
was the presence of plant cell wall material in the foods that was the important
component, not just crude fibre, and he resuscitated the term “Dietary Fibre”
used by Hipsley (1953) as a shorthand for the components of the plant cell wall
that resisted digestion. He published the results of his work on the literature in
1972.

At this time, I think that it is fair to say that neither Burkitt nor Trowell was
familiar either with the body of knowledge on the chemistry or physiology of the
food carbohydrates, or with the problems the analysis of these substances posed.
Trowell visited me in Cambridge while his 1972 papers were in proof and we
spent a day on what became a seminar on the “unavailable carbohydrates”, the
plant cell wall and their analysis. I tried very hard to persuade him to abandon
the term fibre because I was convinced that it would lead to confusion amongst
the food chemists and the clinical nutritionists using food composition tables.
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In 1968, Alison Paul and I had started work on the fourth edition of The
composition of foods and as part of the preparations for the revision we had
conducted a questionnaire amongst dietitians on the nutrients that they
considered desirable in the tables to support their clinical work (Paul and
Southgate, 1970). Unavailable carbohydrates were considered dispensable in
1969, but by 1972 there was a growing call for fibre values as a result of the
interest generated by the early papers of Burkitt and Trowell. These papers
together formed a unifying hypothesis regarding the relation between dietary
intake and the incidence of a range of hitherto unrelated conditions comprising
metabolic diseases such as obesity, diabetes and cardiovascular disease (Trowell,
1973), and the diseases that Burkitt proposed which were a result of straining at
stool (as a consequence of constipation) and included appendicitis, hiatus
hernia, diverticular disease and haemorrhoids on low fibre diets, and colorectal
cancer where a protective effect was proposed. Burkitt suggested that the
mechanism of protection was that the bulky stools of a high fibre diet diluted the
concentrations of environmental carcinogens in the contents of the tract derived
either from the diet or formed by bacterial metabolism from unabsorbed dietary
components such as bile acids (Burkitt, 1973). The more rapid transit produced
by the high fibre diet would reduce the time that the mucosa would be exposed
to the putative carcinogens. A low fibre intake on the other hand would permit
extensive bacterial modification, and maximise the concentrations of car-
cinogens and the time that the mucosa was in contact with the active substances.

Thus the dietary fibre hypothesis, drawn from observations on populations
consuming different types of diets, could be extended into a series of subsidiary
hypotheses regarding mechanism (Southgate and Penson, 1983).

Initial Responses to the Hypothesis

The initial reactions to the hypothesis that diets rich in foods that contain plant
cell wall material are protective against a range of diseases prevalent in Western
affluent societies, and that a low intake of these foods may, for certain diseases,
be causative, varied considerably depending in large part on both the current
views about the relationships between diet and health and past prejudices. Both
Burkitt and Trowell were very persuasive evangelists of their ideas because they
saw the unifying attractiveness of the hypothesis. Furthermore, as Burkitt said,
it was up to the critics to either refute the hypothesis or come up with a better
one.

There was considerable interest in the general public, due in part to the
effective presentation of the concepts and because the mechanisms were
plausible. One group that responded very positively to the ideas were those
whose systems of beliefs led them to the view that processed and refined foods
were undesirable and that natural wholefoods had special properties. These
included some food “cranks” but also groups whose views were based on more
scientific principles, often stemming from the view that organic food production
systems were preferable and that the nutrient losses associated with some forms
of processing could be avoided if unprocessed natural foods formed the major
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part of the diet. In many ways the dietary fibre hypothesis was very much in
accord with the emergent “‘green” environmental movement.

The food industry, however, saw the hypothesis in a different light because of
the criticisms of processing that the ideas implied. Burkitt, in particular,
identified the introduction of roller milling as the starting point when fibre
intakes started to fall because roller milling permitted more effective separation
of the bran from the germ and endosperm of wheat than sieving (Burkitt, 1973).
Trowell also carried out an analysis of the deaths from diabetes from before the
start of the Second World War and argued that the introduction of national high
extraction bread flours in the UK corresponded with the time that deaths started
to decline (Trowell, 1973). The flour milling and baking industries were thus
identified as a major cause of low fibre intake and by implication the increased
incidence of disease. Accordingly a very detailed critique of the dietary fibre
hypothesis was prepared (Eastwood et al., 1974). This dealt primarily with the
specific effects of cereal foods and bread in particular, and challenged the view
that significant changes in the intake of fibre from cereals had occurred. The
paper was problematic for several reasons: firstly, it argued much of its case
using data on crude fibre although the authors were aware that dietary fibre was
different from crude fibre; secondly, it managed to equate wheat bran with
dietary fibre; finally, and more significantly, it raised a barrier to exploring the
scientific issues. The conclusions, however, contain an important recognition
that the dietary fibre hypothesis derived from observations on diets that differed
in many attributes.

In the nutritional research community the hypothesis raised many questions;
my initial view was that although the ideas were plausible it was difficult to
believe that the intake of one component, fibre, could be linked to these diverse
conditions, clearly crude fibre was not at all likely to be the dietary component
but the range of materials present in the plant cell wall had a range of chemical
and physical properties that could produce diverse physiological effects. My
reaction as a researcher was that this was an important hypothesis that deserved
experimental study, if only to refute it and prevent the dissemination of the
dietary advice that was already beginning to be published in popular articles
(Southgate, 1973).

Several other workers had a similar view — Martin Eastwood had written an
essay that debated the issue (Eastwood, 1972) and also on the basis of his
previous researches on the effects on bile acid metabolism argued that more
detailed study of the physico-chemical properties of cell wall constituents was
required. Ken Heaton, whose interests included bile acid metabolism and
gallstones, argued the case for gallstones being caused by fibre-depleted diets
(Heaton, 1973a) and also, in relation to obesity, drew attention to the ability of
intact plant cell wall material to diminish energy intake and absorption, a major
factor in this being the solid chewy texture of unprocessed plant foods (Heaton,
1973b).

John Cummings, from the viewpoint of a gastroenterologist, also saw that the
dietary fibre hypothesis raised issues of profound importance in relation to
understanding gastro-intestinal function and disease (Cummings, 1973). Bo
Drasar and Mike Hill, with interests in the bacterial ecology of the large bowel,
saw important questions that needed to be answered (Drasar and Hill, 1972).
The epidemiological evidence relating disease to dietary intake did not support
the hypothesis that crude fibre intakes were linked with colorectal cancer; the
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dietary factor that dominated both cancer and CHD was fat intake with animal
protein close behind for the former (Draser and Irving, 1973).

The body of analytical information on crude fibre and the more limited studies
on unavailable carbohydrates and plant cell wall material in foods was such at
that time to indicate that there was no direct quantitative relationship between
crude fibre and dietary fibre and therefore the definitive epidemiological studies
depended on obtaining comprehensive data on dietary intakes through
extending the information on the dietary fibre in foods (Southgate, 1975a).
Proposals to include these analyses in the work on the composition of foods were
rejected because of the doubts raised about the scientific soundness of the
hypothesis while the welcome given to the hypothesis by the health food lobby
was viewed with grave doubts. Nevertheless the research need was there and the
analytical work was developed with postgraduate students (Southgate et al.,
1976). At this time an extensive review of food and nutrition research was being
undertaken in the UK and this recognised that if the dietary fibre hypothesis was
to be tested more detailed work on the chemistry and physical properties of
dietary fibre and its components was needed (Medical Research Council and
Agricultural Research Council, 1974).

Major Themes in the Initial Development of the Dietary
Fibre Hypothesis

The scientific evidence for the physiological role of dietary fibre and the links
between these effects and the aetiology of diseases will form the major themes to
be discussed in later chapters and in concluding this “historical”” account I would
like to focus on four major topics that formed the early concerns in the
development of the hypothesis: definition and analysis; studies with isolated
polysaccharides; dietary fibre as a source of energy; and the mechanism of faecal
bulking. Some of these topics form the specific subject matter of later chapters
and I will only try to summarise the initial stages.

Definition and Analysis

The debate over the definition of dietary fibre began before Trowell’s papers in
1972 (Trowell, 1972a, b) had appeared and the concept of “‘the skeletal remains
of the plant cell wall that were indigestible” was immediately viewed as too
imprecise to develop quantitative studies that were essential for testing the
epidemiological elements of the hypothesis. Several authors used crude fibre
data which was all that was available in databases outside the UK. The issue of
definition cannot be separated from the identification of analytical methods
because the chosen definition determines the analytical strategy to be adopted.
The debate over the definition continues at the present time and is developed
elsewhere (Chapter 4).
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Studies with Isolated Polysaccharides

The researchers who contemplated experimental studies to establish the possible
mechanisms whereby dietary fibre exerted its effects were faced with two major
dilemmas. The first of these was the complexity of the plant cell walls in foods
(Southgate, 1976) and the fact that the cell wall material was present in relatively
low concentrations so that increasing the intake of dietary fibre resulted in a
range of other changes in dietary intake which served to confound the
interpretation of the results. The second was that if one contemplated human
studies there was an ethical obligation to be sure that the materials fed were safe;
this constrained the use of those concentrated preparations that were available
such as citrus waste, apple pomace and various cereal hull preparations. Wheat
bran was seized upon by many workers who initially failed to appreciate that it
was a complex mixture which invariably contained starch, polyunsaturated fats
and plant sterols. Furthermore the concentrations of dietary fibre could vary
over a two-fold range (James and Southgate, 1975).

This led many groups to turn their attention to isolated polysaccharides,
especially those that were already established and approved for use in foods.
Pectin was an immediate candidate followed by the galactomannan gums used as
food additives, guar and locust bean gum (Jenkins et al., 1976; Cummings et al.,
1978); isolated cellulose preparations were also studied as was the arabinoxylan
mucilage from Plantago ovata (Prynne and Southgate, 1979). The studies with
pectin and guar gum produced some very interesting findings: first they reduce
fat apparent digestibility and they lowered serum cholesterol levels; in addition
they reduced the postprandial glucose levels in diabetic subjects and appeared to
be of value in the management of non-insulin dependent diabetics (Jenkins et
al., 1976).

Trowell was disturbed by the studies on isolated polysaccharides because this
moved away from the dietary fibre concept of the plant cell wall in foods;
however, he was persuaded that the use of isolated polysaccharides provided a
powerful experimental tool for studying the mode of action of dietary fibre.
Nevertheless he suggested the term “dietary fibre” should be reserved for cell
wall materials and proposed that ‘“‘edible fibre” be used for other sources
(Trowell et al., 1978).

This debate still continues and there is strong evidence that the physiological
effects of isolated polysaccharides are not identical to those when they are
consumed as part of intact cell wall structures; the architecture of the wall
confers other properties.

Dietary Fibre as a Source of Energy

This topic, as I have shown above, has been a central feature of the interest in
the nutritional role of plant cell wall material. The large body of evidence from
studies of the nutrition of the ruminant and the more limited human studies
show that the plant cell wall polysaccharides are extensively degraded by the
microflora of both the rumen and the large bowel. The conditions in the contents
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of both organs are very similar and are anaerobic so that the products of
digestion are principally short chain fatty acids and the stoichiometry of rumen
anaerobic fermentation is such that approximately 75% of the gross energy is
released in these fatty acids (Southgate, 1989). McCance and Lawrence (1929)
debated whether the fatty acids would be absorbed and came to the conclusion
that if so their contribution to energy intake would be small. This view led
McCance and Widdowson (1940) to adopt a convention of discounting the
unavailable carbohydrates in calculations of the energy value of foods; this was
based on the reasoning that unavailable carbohydrates increased the faecal
losses of fat and protein and that this loss of energy counterbalanced the small
amounts of energy gained from short chain fatty acids. The studies of Southgate
and Durnin (1970) confirmed that at modest levels of unavailable carbohydrate
intake this was true for practical dietetic purposes but at higher levels of intake
might not apply.

In the early 1970s there was considerable debate about whether the short
chain fatty acids were absorbed from the large bowel, a discussion that seemed
at the time to ignore the evidence from the studies of non-ruminant herbivores
such as the horse, elephant and rhinoceros which obtained most of their energy
from fermenting forages in their large bowel. Fortunately the studies of McNeil
(McNeil et al., 1978) resolved the issue by showing that short chain fatty acids
were absorbed rapidly from the human colon.

Studies of the energy value of plant cell wall materials and isolated
polysaccharides remain of considerable interest especially to the food industry in
relation to energy claims and nutritional labelling (Livesey, 1990). In most
Western diets the energy derived from dietary fibre is small but where intakes of
dietary fibre are high and total energy limiting, may have wider nutritional
significance.

In the context of energy metabolism Trowell’s original writings included the
proposition that obesity was rare in communities that habitually consumed
high-fibre diets and that there was a protective effect. Initially the experimental
evidence was drawn from studies that showed an increased faecal loss of energy
on increased intakes of dietary fibre but the magnitude of the effects was small.
Heaton suggested that dietary fibre in the form of intact cell wall materials in
unrefined, fibre-replete foods acted as a barrier to excessive food consumption
and was thus of value in the prevention of obesity (Heaton, 1973b). Some
interesting experimental observations have demonstrated effects of foods with
their cell walls intact (Haber et al., 1977) but the debate on whether high-fibre
intakes assist in regulation of appetite remains to be established.

Mechanism of Faecal Bulking

When the hypothesis was first proposed there was substantial evidence that
increased intakes of dietary fibre resulted in increased faecal bulk both on a wet
and dry basis. Initially there was some surprise that relatively small changes in
crude fibre intakes produced such dramatic effects but the substitution of
unavailable carbohydrate values into these studies resolved the issue. The early
studies of Williams and Olmsted (1936) which had shown that different sources
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of plant cell wall material had different bulking effects were not appreciated by
many workers who expected all fibre sources to have equal effects and some
comparisons of sources were made where intakes were not quantitatively
identical. Hellendoorn argued that the effects on faecal bulking were due to the
osmotic effects of the fermentation products analogous to the effects of lactulose
and the sugar alcohols (Hellendoorn, 1969, 1973, 1978). Studies with highly
fermentable sources showed very low effects on faecal bulking and this
hypothesis was rejected (Jenkins et al., 1976). Studies with concentrated
preparations with different proportions and types of polysaccharides and lignin
showed that faecal bulking of the different sources, fed at the same intakes, was
very different and that the preparations that were least fermented had the most
pronounced effects and the completely fermented materials had low bulking
effects (Cummings et al., 1978). This led to the recognition that faecal bulking
was due to the combined effects of residual material that resisted fermentation
together with the bacterial mass produced from the fermentation (Stephen and
Cummings, 1980). At the same time it was clear that other factors influenced
both transit rate and faecal bulking. These studies have focused attention on the
effects of the dietary fibre components on the environment of the large bowel
and particularly the interaction with the microflora, which may provide the link
to the effects on large bowel disease.

The Status of the Dietary Fibre Hypothesis

The dietary fibre hypothesis has been compared with the vitamin hypothesis that
dominated nutritional research in the 1930s and 1940s and if one judges the
hypothesis by the research that it has stimulated it can already been seen as
successful because it has brought contact between researchers on carbohydrates,
cell wall chemistry and architecture, gastro-intestinal physiology and clinical
nutrition, and thus has promoted studies at the interfaces between these
disciplines which, until Burkitt and Trowell proposed their hypothesis, had been
unaware of the relevance of each others’ work. Thus the hypothesis has the
characteristics of many major scientific advances. One could argue that the
original mechanisms have not been substantiated but there have been new
understandings of the physiology of the intestinal tract and new findings in the
way diet influences metabolism. The hypothesis has transformed nutritional
views on the role of the carbohydrates in foods. As part of the wider debate on
the relation between dietary intake and health/disease it has profoundly
influenced nutritional guidance to the consumer and through them has
influenced the range of foods available.
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Commentary

Schweizer: Trowell’s various definitions always comprised three criteria of
dietary fibre, namely a physiological, a botanical and a chemical one. Of these,
only the first remained unchanged throughout the years, i.e. the resistance of
dietary fibre against human digestive enzymes. The botanical description
changed from ‘“‘skeletal remains of plant cells” (Trowell 1972a) to ‘‘remnants of
plant cells” (Trowell 1974) and only later to “remnants of the plant cell wall”
(Trowell 1975) or to “structural polymers of the plant cell wall” (Trowell 1976).
Trowell’s chemical descriptions of dietary fibre were not very precise and
changed repeatedly. However, indigestible non-wall polysaccharides were not
excluded from dietary fibre by Trowell et al. (1978).

Thus, Trowell’s definitions — including the working definition of Trowell et al.
(1976) - give no ground for preferring any particular analytical strategy. Also,
no analytical strategy is able to meet any of these definitions fully. Therefore,
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the statement that dietary fibre is effectively being defined by the method used
applies to all methods, whether they attempt to measure indigestible residues,
cell walls, or unavailable carbohydrate.
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Author’s reply: Non-wall polysaccharides were indeed included in the definition
of dietary fibre because they were frequently used as model substances in dietary
fibre studies and because they cannot be distinguished in analytical practice from
cell wall polysaccharides.

Heaton: This chapter is very well written and accurately reflects a food analyst’s
perspective. However, the originators of the “fibre hypothesis” were practising
doctors and amateur epidemiologists. In my opinion, an account like this should
acknowledge that the whole motivation for the work of Cleave, Burkitt and
Trowell was the striking variation in disease prevalence with place and time. In
addition, it should be recognised that the rapid acceptance of the hypothesis in
the early 1970s was aided by clinical studies on the effects of wheat bran on
faecal weight and composition, transit time, colonic pressures and bile
composition.



Chapter 2

Physico-chemical Properties of Food Plant Cell
Walls

J.-F. Thibault, M. Lahaye and F. Guillon

Introduction

The benefits of dietary fibre intake are now established and the physiological as
well as technological aspects of fibre or of fibre-enriched products are well
documented. The chemical structure and their physico-chemical properties are
both thought to determine their nutritional effects and/or their functional
properties.

Plant cell walls are constituted by a tridimensional and heterogeneous
network with amorphous and crystalline zones, hydrophilic ard hydrophobic
areas. The cohesion of the network is realised by both chemical and physical
links of different strengths; furthermore negatively charged groups are always
present. The ion-exchange properties, the hydration properties and the organic
compound absorptive properties are therefore the main physico-chemical
properties of the plant cell walls. They play an important role in the digestion
flow, nutrient availability, viscosity, and mixing and determine their incorpora-
tion into food. The physico-chemical properties depend on various parameters,
including processing which will be discussed in this chapter. Each property will
be considered individually but it is clear that the nutritional or functional effects
of fibres result from complex combinations of all these properties.

Ion-Exchange Properties

Dietary fibres have been shown to bind nutritionally important minerals in vitro
and therefore they may influence electrolyte and mineral absorption and heavy
metal toxicity (cf. Chap. 5). Calcium ions in particular may bind through
carboxyl groups to pectins and to some dietary anions involved in cholesterol
metabolism (see ‘‘Adsorption of Organic Molecules”). However, fibres are
more or less degraded in the digestive tract by colonic bacteria and thus their
ion-exchange capacity in these dynamic conditions is perhaps far from that
determined in vitro.

T. F. Schweizer et al. (eds.), Dietary Fibre — A Component of Food
© Springer-Verlag London Limited 1992
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The Ionic Groups Associated with Fibres

Fibres from vegetable or fruit appear to be weak monofunctional ion-exchange
resins because of the presence of uronic acids (galacturonic acid, glucuronic
acid, 4-O-methyl glucuronic acid) (Fig. 2.1). In contrast, fibres from cereals
behave as polyfunctional exchangers indicating the presence of different
ionogenic groups and probably phytates (Fig. 2.1). Fibres from algal cell walls
contain carboxylic and sulphate groups.

Galacturonic acid is the basic constituent of pectins which can amount to
25%-30% of some fibres (Voragen et al., 1983; Brillouet et al., 1988).
However, all these acids are not available for ion-exchange because they are
partly esterified by methanol, the degree of methylation being generally in the
range 50%-70% (Voragen et al., 1983). Very good agreements have been
obtained between experimental cation-exchange capacities and values calculated
from the amount of unmethylated galacturonic acid residues (Bertin et al.,
1988).
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Fig. 2.1. Structure of the main ionic moieties of fibres.
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Glucuronic acid and its 4-O-methyl derivative are found in secondary plant
cell walls where they form sidechains attached to the C-2 of the major
hemicelluloses, namely xylans. They are not esterified and their content in brans
from cereals is about 5% (Selvendran et al., 1987).

Phytic acid (myo-inositol hexaphosphoric acid) is associated with cereal brans.
It can amount to about 1% of the oat bran (Frélich and Nyman, 1988), or to
3.7% in wheat bran (Schweizer et al., 1984).

Methods of Cation-Exchange Capacity Determination

Cation-exchange capacity (CEC) can be measured on fibres ““as received” but
exchange into a known ionic state is sometimes preferable, as fibres contain
charges bearing possibly different counterions. The acidic form can be obtained
by suspending the fibres in an acidic medium followed by extensive washings in
order to eliminate the excess of acid. Salt forms can be obtained by exact
neutralisation of the acid form or directly from the native fibres by immersion in
a concentrated salt solution and then by extensive washings in order to eliminate
the excess salt. These treatments may partially solubilise or degrade fibres and
optimal conditions (normality, concentration, time, solid to liquid ratio) for
complete conversion of the ionic groups should keep losses to a minimum
(Bertin et al., 1988). Indeed the yield of material on which the CEC is
performed must be stated, particularly for vegetable fibres since pectins are
particularly sensitive to these treatments (Bertin et al., 1988; Ralet et al., 1990).

The method most often used for determination of CEC is pHmetry.
Conductimetry is sometimes used (Bertin et al., 1988) since this method allows
the determination of the CEC of fibres whatever their ionic form (H*, Na*, K*

Exchange with monovalent, divalent, or even trivalent ions was also used to
determine the CEC after washing out the original counterion, generally in acidic
medium, and subsequent determination of the liberated counterions using
various ion indicators (Van Soest and Robertson, 1976; MacBurney et al., 1983;
Allen et al., 1985).

The Cation-Exchange Capacity Values

The CEC of vegetable, fruit and cereal fibres ranges between 0.2 to 3.1 meq/g
(Tables 2.1 and 2.2). Lower values are generally observed for cereal fibres.

The nature of the counterion is unlikely to determine CEC because the
porosity of fibres is always larger than the size of the counterions, and all the
charges in fibres are accessible for ion exchange. The only limitation (not yet
studied) may arise from high proportions of lignin which can impregnate some
secondary walls in bran fractions and thus hinder charges.
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Table 2.1. Cation-exchange capacity (CEC) of some vegetable and fruit fibres

Fibre CEC Ionic form of Fibre content Reference®
(meq/g) the fibre (%)
Pea 0.80 H* 23.7 1
Apple 1.90 H* 64.0 1
Sugar beet 0.57 Pr*, Nd** 51.0 2
0.70 Cu?* 51.0 3
0.60 H* 56.0 4
0.47 H* 75.3 5
Carrot 0.82 H* nd 6
2.40 H* 57.0 1
Lettuce 0.94 H* nd 6
3.10 H* 52.2 1
Potato 0.62 Ca?* 47 7
0.30 H* 4.1 1
0.77 H* nd 6

2 1, MacConnell et al., 1974; 2, Allen et al., 1985; 3, MacBurney et al., 1983; 4, Michel et al., 1988;
S, Bertin et al., 1988; 6, Yoshida and Kuwano, 1989; 7, Van Soest and Robertson, 1976.

Table 2.2. Cation-exchange capacity (CEC) of some cereal brans

Bran CEC Ionic form of Fibre content Reference?
(meq/g) the fibre (%)

Corn 0.20 H* 71.9 1
0.38 Ca?* nd 2
0.41 P+, Nd** 93.7 3
0.04 H* nd 4

Wheat 0.22 Ca’* 38.4 2
0.41 Pr3*, Nd>* 43.2 3
0.07 H* nd 4
0.87 Cu?* 44.1 5
1.6 H* 50.4 6
0.7-1.2 H* 19.2 7

Rice 0.49 P+, Nd*+ 30.7 3

a 1, Schimberni et al., 1982; 2, Van Soest and Robertson, 1976; 3, Allen et al., 1985; 4, Moorman et
al., 1983; 5, Van Soest et al., 1983; 6, Ralet et al., 1990; 7, Kirwan et al., 1974.

In contrast, CEC depends on the physiological state or on the stage of
development of plant fibres because chemical or structural changes concerning
the ionic groups, especially in pectins, can occur. More unmethylated
galacturonic residues can be formed after the action of pectinmethylesterase as
the plant ages. The CEC of carrot fibres (Robertson et al., 1980a) was constant
between varieties but increased within each variety with aging.

Binding of ions to fibres depends on the CEC value but also on the pH, the
ionic strength, and the nature of ions (Thompson and Weber, 1979;
Garcia-Lopez and Lee, 1985). Generally, a high ionic strength and a low pH is
unfavourable for strong binding because fewer charges are available. Interesting
developments on ion-binding properties of fibres have been made by Laszlo
(1987) using equations involving Donnan potential, chemical equilibrium, and
conservation of electrical neutrality. Applied to soy hull, these equations were
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used to predict the extent of cation binding. Uronic acid-containing fibres are
able to bind calcium very strongly because of interaction with contiguous
residues (Grant et al., 1973; Thibault and Rinaudo, 1986). Cereal fibres are able
to bind calcium essentially due to the presence of phytates which form insoluble
salts.

Determination of pK

The neutralisation curves may be used to determine the pK value of the charged
groups. Tentative approaches were carried out on pectin-rich fibres. The range
of pK values reported for carrot fibres is between 4.4 and 5.3 (Robertson et al.,
1980a). However, these values must be considered only as apparent pK at one
degree of dissociation and at a given ionic strength. Indeed, the neutralisation
curves give the pH of the surrounding solution and not that of the insoluble
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Fig. 2.2. Determination of pK and apparent pK (pK,). a In absence of added salt. b In presence of
0.1M NaCl of: filled squares, galacturonic acid; filled diamonds, beet pectins; open squares,
crosslinked beet pectins; and open diamonds, beet fibres.
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fibres. Furthermore, only apparent pK (pK,) is thus obtained as it depends
especially on the degree of dissociation, on the ionic strength of the surrounding
solution, and on the degree of swelling of the fibres. For the determination of
pH and therefore of pK of fibre, both polyelectrolyte and Donnan effects must
also be taken into account (Thibault, 1986). The pK of galacturonic acid is
independent of the degree of dissociation and is around 3.5 (Fig. 2.2). The curve
for pure pectin demonstrates the polyelectrolyte effect and an intrinsic pK (pKo)
of 3.2 can be obtained on extrapolation to a degree of dissociation of zero. The
curves for fibre show the additional effect of the Donnan phenomenon which
tends to increase the external pH and therefore the pK,. All these effects can be
suppressed with a high salt concentration and then the pH measured is roughly
that of the fibres, and the pKy can be estimated at around 3.2.

Hydration Properties

Water plays an important role in the plasticity and in the physiology of the cell
wall; for example, it regulates the hydrolase activities involved in the loosening
of cell wall fibres during cell elongation and/or division. Often, treatments such
as drying, cooking, grinding, freezing, and fermentation are applied to the plant.
These treatments affect the chemical composition and the physical structure of
fibre (see ‘“Effects of Processing’) and precise correlations between treatments
and hydration of fibres need to be established.

Hydration Properties of Polysaccharides

Hydration properties of fibres are better described for isolated fractions. The
methods of isolation will condition the hydration characteristics of the fibres.
Furthermore, these isolates can be mixtures of different polymers (pectin,
cellulose, lignin, etc.) with different properties that will probably not be the
same as those of the original fibres in the entire food plant cell wall. Basically,
four different hydration parameters are measured: swelling, solubility,
water-holding and water-binding capacities.

Swelling and solubility are closely related. Indeed, the first event in
solubilisation of polymers is swelling. Water coming into the solid spreads the
macromolecules (swelling) until they are fully extended and dispersed. They are
then solubilised as random coils. However, this dispersion is not possible in the
case of polysaccharides that adopt regular, ordered structures such as cellulose
for example, and for which only swelling can occur. There, the maintenance of
these strong associations in excess water depends on several factors (Whistler,
1973).

The regularity of the linear chemical structure increases the strength of the
non-covalent bonds and thus stabilises the ordered conformation. If irregular-
ities in the backbone or branching occur, these bonds will be weaker and the



Physico-chemical Properties of Food Plant Cell Walls 27

ordered structure will dissociate more easily. Furthermore, the type of linkages
between sugar residues, such as 1 — 6 linkages, induce a chain flexibility and
the more flexible, the more soluble is the polysaccharide.

Another important factor influencing solubility is the charge. When
dissociated, uronic acid, sulphate or pyruvate groups, for example, will tend to
repel polysaccharides from each other and thus will favour solubilisation of the
polymers. However, solubilisation is governed by pH, the ionic form of the
charge, and by the presence of other solutes such as salts or sugars. Thus, pectic
acids will not be soluble at acid pH, nor pectate at neutral pH in presence of
calcium, for example.

Temperature increases the solubility of polysaccharides by breaking the weak
bonds and thus by melting the ordered structure. Agar in the cell wall of marine
algae, for example, will be soluble in water at about 80-100°C and not at 37°C.
The properties of soluble polysaccharides such as viscosity, gel formation, etc.
will be discussed later (see Chap. 3) but it is important to stress that there is no
saturation limit for soluble polysaccharides. Thus published values of swelling,
water-holding and water-binding capacity for soluble polysaccharldes have to be
treated with caution.

Methods for the Determination of Hydration Characteristics

Water-binding capacity and water-holding capacity (or water absorption) are
two parameters used to describe hydration characteristics. The terms
water-holding and water-binding capacities may be used interchangeably but, in
common with Rey and Labuza (1981), we will use the term water binding for
water content measured after an external force has been applied and water
holding for water content measured without stress. The amount of water
associated with insoluble fibres is dependent upon the chemical structure,
molecular associations, particle size, and porosity of the sample, in addition to
the solvent and temperature effects.

Swelling

Swelling is the volume of a given weight of dry fibre after equilibrium has been
achieved in excess solvent (Kuniak and Marchessault, 1972). Swelling depends
on several factors (amount of material tested, density, porosity, etc.) some of
which can not be measured at the present time.

Water-Binding Capacity (WBC)

When measuring WBC, an external force is applied to the fibre equilibrated in
solvent. The most widely used method is centrifugation. A fibre sample is
equilibrated in solvent and then centrifuged at a set g value [2000g for 10
minutes (AACC, 1978), 14000 g for 1 hour (MacConnell et al., 1974), or 6000 g
for 15 minutes (Robertson and Eastwood, 1981a)]. The supernatant liquid is
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drained off and the moisture content of the pellet is determined. It is necessary
to specify to which dry weight the moisture content relates, i.e. the starting dry
weight or the dry weight calculated after centrifugation. Centrifugal forces are
primarily used to expel capillary water from the fibres. MacConnell et al. (1974)
observed that WBC of celery fibre decreases with increasing centrifugal force
and further noted that depending upon the plant source, centrifugation can lead
to separation of the matrix in a layer located between water and the fibrous
material. It is not clear whether sample deformation (collapse, separation) or
the change in fibre capillary suction pressure is predominant in determining
water losses by centrifugation. Furthermore, it is not known how the elasticity of
fibre in the pellet can modify WBC through re-swelling once the centrifugal
force has stopped.

Stephen and Cummings (1979) designed a method to model physiological
conditions, involving an osmotic pressure created across a dialysis membrane. A
dry or swollen fibre sample is placed in a dialysis tubing and immersed in a
solution of known water activity. This solution is prepared using compounds,
usually polyethylene glycol, with high molecular weight to prevent them from
passing across the dialysis membrane. The difference in water potential across
the dialysis membrane drives water in or out of the tubing depending upon the
moisture content of the sample. After equilibrium has been reached, the dialysis
bag is weighed and the weight of the solid content inside is determined. The size
of the tubing should be chosen so that it can withstand the water volume increase
without leakages or bursting; the ionic strength has to be controlled because it
will affect the expansion of the fibre by the Donnan phenomenon. Robertson
and Eastwood (1981b) reported that the WBC of fibres decreases with
increasing suction pressure. This method also allows the determination of a type
of WBC for water-soluble polysaccharides. However, the meaning of this value
is unclear (Table 2.3).

Simple filtration using suction has also been used to determine WBC of fibres
(Robertson et al., 1980a; Robertson and Eastwood, 1981a, b). The drawback of
this method is that for it to be reproducible, at least the suction pressure applied

Table 2.3. Hydration characteristics (g of water/g of product) of different soluble fibres measured by
different methods

Method
Fibre Isotherms  Freezing- Baumann Dialysis Swelling Water
(a, =0.98) point (280 mOsm)  capacity absorbed
depression during
(ay, = 0.995) swelling
Mixed carrageenan  1.01* 8.83* 32.92
1 Carrageenan 138.6° 1.9° 16.7°
kA Carrageenan 34.0° 2.1° 32.2°
K Carrageenan 12.3° 46.6° 1.9° 40.3°
Agar 0.51* 0.92° 4.8°
HM pectin® 0.81* 5.382 4.0° 1.5° 14.0°
LM pectin® 1.27# 15.842 3.7* 1.4° 11.6°

2 Wallingford and Labuza, 1983; ® Weber, 1987; ° Stephen and Cummings, 1979; 9 high methoxyl
pectin; © low methoxyl pectin.
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and the duration should be standardised. Compression methods (0.5 to 1.0 ton
pressure applied for 2 to 60 minutes) were used to determine the WBC of
“hard-to-cook beans” (Garcia-Vela and Stanley, 1989; Plhak et al., 1989).

Water-Holding Capacity (WHC)

WHC relates to the amount of water in fibres equilibrated in an environment of
known water potential, absorbed through capillarity, or measured by colligative
methods.

Drawbacks of the moisture sorption isotherm method are that the equilibrium
can take as long as 6 weeks to be reached, that the useful part of the curve near a
water activity of one is highly imprecise, and that at certain water chemical
potential growth of microorganism on the fibres can occur. This method has
been used by Wallingford and Labuza (1983), Chen et al. (1984) and Cadden
(1988).

Determination of WHC is also done based on liquid diffusion into a capillary
swelling system such as with the Enslin (Enslin, 1933) or the Baumann
(Baumann, 1967) apparatus. This method which has been automated (Arrigoni
et al., 1987) is the only one allowing the observation of absorption kinetics. A
small amount of sample (10-150 mg) is sprinkled on a fritted glass and water
uptake is measured on a calibrated capillary as a function of time until
equilibrium is reached.

Freezing-point depression has been used by Wallingford and Labuza (1983)
and Chen et al. (1984). The osmolality of fibre suspensions at different
concentrations is determined with a cryoscopic osmometer. The values obtained
are plotted as a function of sample weight and the curve obtained is extrapolated
to 280mOsm corresponding to a water activity of 0.995, and the moisture
content at that point is determined.

Variations of the Hydration Value

Variations Associated with the Method Used

All the methods used yield different results because some artefacts may be
created and because the amounts measured relate to water associated differently
with fibre. This variability is well illustrated by the work of Robertson and
Eastwood (1981c) and of Chen at al. (1984) (Table 2.4).

Variations Associated with Experimental Conditions Used

Temperature has been shown to increase WBC of celery fibres (MacConnell et
al., 1974) although the increase observed from 20 to 37 °C is not very important
and may depend on other solvent conditions such as the presence of particular
salts as seen with algal fibres (Fleury and Lahaye, 1991). Swelling of several
fibres has been shown to increase with temperature (Parrott and Thrall, 1978;
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Table 2.4. Effect of different methods on the water-binding and water-holding capacities (g of
water/g of dry fibre) of different fibres

Method

Fibre Centrifugation Filtration Dialysis Dialysis Baumann Isotherm  Freezing-
pressure: pressure: (aw = 0.98) point
1atm 10 atm depression

Potato? 23.8 16.5 33 1.7

Bran® 3.7 3.0 14 1.0

Apple® 2.3 2.4 1.4 10.5

Citrus® 5.7 18 5.7 2.3

Rice bran® 1.0 1.3 1.0 43

Wheat bran® 2.6 1.1 1.1 4.1

Soybean bran® 2.4 0.8 0.6 23

Oat bran® 14 0.7 0.4 1.1

Corn bran® 2.5 0.3 0.5 0.8

 Robertson and Eastwood, 1981c; ® Chen et al., 1984.

Fleury and Lahaye, 1991). The ionic form of sugar beet fibre fractions was
shown to affect WBC and swelling (Bertin et al., 1988). High ionic strength in
the solvent was shown to decrease WBC of several fibres (Parrott and Thrall
1978; Bertin et al., 1988); the nature of ions present also affects WBC and
swelling of algal fibres (Fleury and Lahaye, 1991), although such variation is
fibre dependent as for those observed with different pH (Parrott and Thrall,
1978; Michel et al., 1988). In fact, it is not possible to draw conclusions since
effects of solvent conditions are due to the chemical and physical properties of
the fibres. Thus, for nutritional purposes, it may be more meaningful to
determine these parameters in conditions (temperature, ionic strength, type of
ions, pH, etc.) close to those prevailing in the gastro-intestinal tract.

Variations Associated with the Method of Fibre Preparation

Particle size was shown to modify the hydration characteristics of fibres
(Mongeau and Brassard, 1982; Cadden, 1986, 1988; Michel et al., 1988; Fleury
and Lahaye, 1991), but again, the variations are fibre dependent and may be
related in some cases with chemical partitioning (Michel et al., 1988) (see
“Effects of Processing”). Rasper (1979) showed that methods of preparation of
cereal brans affected their hydration characteristics. They were generally higher
with enzyme-prepared fibres than with acetone dried powders. Drying methods,
temperature of drying, cooking methods (boiling, steaming, autoclaving,
roasting) and extrusion-cooking affect fibre hydration (Rasper, 1979; Robertson
and Eastwood, 1981a; Arrigoni et al., 1986; Caprez et al., 1986, Weber, 1987,
Ralet et al., 1990).
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Examples of Hydration Value

Rasper (1979) found an important correlation between the cellulose content of
cereal fibres and hydration properties, while for other fibres the chemical factors
controlling these properties were more complex. Holloway and Greig (1984)

Table 2.5. Hydration characteristics of some food plant cell walls

R WBC* WHC? Swelling
eference
and method 1¢ 2¢ 3¢ 4¢ 44 4¢, 5¢ 5t 48 4h
Carrot 33 46.0 3.4 1.2 1.19 133
Onion 14 21.7 270 4.6 4.0 1.16 20.8
Tomato 14.0 40.7 2.8 7.5 1.26 9.6
Beans 20.8 34 1.6 10.9
Cabbage 35.8 3.7 5.9 1.07 29.6
Lettuce 36 25.3 3.1 2.6 1.08 37.0
Pumpkin 13.2
Cauliflower 28 3.4 3.0 1.13 179
Acorn squash 33 8.4 1.01 189
Cucumber 2.8 4.4 1.06 26.7
Zucchini 31 3.8 1.06 129
Rutabaga 3.3 2.6 1.09 16.4
Celery 2.6 2.2 1.10 36.4
Broccoli 3.4 1.8 1.15 8.9
Potato 22
New potato 1.4 0.3 1.46 4.2
Russet potato 2.8 0.2 1.53 2.8
Corn 3.1 1.8 1.22 8.6
Pear 16.4 33 3.7 0.86 12.1
Peach 11.5 3.1 8.1 0.86 31.5
Orange 20 3.5 42 112 17.0
Apple 17 32 7.9 1.17 17.8
Prune 34 5.6 090 194
Banana 2.5 0.1 1.04 7.0
Watermelon 3.6 3.1 0.98 43.6
Cantaloupe 3.1 3.6 1.02 412
Wheat bran 2.9 5.2 2.4 1.1 1.50 39
Hard wheat bran 4.8 43 320
Soft wheat bran 4.2 3.5 250
Rice bran 4.3 3.8 220
Oat bran 2.6 2.3 0.7 (ref. 4) 220 1.29 32
2.8 (ref. 5)
Rye middlings 3.7 34 360
Corn bran 3.8 2.2 03(ref.4) 160 1.16 3.6
3.7 (ref. 5)

a water-binding capacity (g H,O/g dry weight); ® water-holding capacity (g H,O/g dry weight);

¢ method of centrifugation (MacConnell et al., 1974); ¢ method of dialysis starting from dry fibres
(Weber, 1987); © Baumann apparatus; f % volume increase after 24 hours in de-ionized water at
25°C (Rasper, 1979); # ratio of hydrated to dry fibre volume (Weber, 1987); * g water absorbed per g
dry fibre during swelling (Weber, 1987).

References: 1, Heller and Hackler (1977) WHC of raw product; 2, Holloway and Greig (1984) WHC
of freeze-dried food; 3, Longe (1984) WHC of raw product; 4, Rasper (1979) acetone dry powder; 5,
Weber (1987).
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found that lignin contributed to WBC of plant food cell wall and that arabinose
and xylose (hemicellulose fraction) were correlated with WBC. It is hard to draw
conclusions from the data of Table 2.5 although fruit and vegetable fibres tend to
bind more water than cereal fibres. However, WBC is not always calculated in
the same manner and results may be different if all the product, acetone dry
powder or freeze-dried, or the fibre content is taken into account (Heller and
Hackler, 1977). In the case of WHC and swelling values, there are great
variations between vegetables, fruits, and cereals so that no generalisation is
possible.

Adsorption of Organic Molecules

Lipid-binding capacity of fibre is measured by methods similar to those used for
determining water-binding capacity. Fibre is stirred in an excess of oil (peanut
oil, for example) in standard conditions of temperature and time, recovered by
centrifugation or filtration and weighed. Oil-binding capacity refers to the
weight increase of the sample and is expressed as gram of oil per gram of dry
sample. Values for vegetables and fruit fibres are low (<2g/g) but are slightly
higher for cereal fibres (2—4 g/g) (Porzio and Blake, 1982; Solsulski and Cadden,
1982; Arrigoni et al., 1986; Caprez et al., 1986; Fleury and Lahaye, 1991). The
mechanism of oil binding is unknown but the presence of lignin, particularly in
cereal fibres, may have some role in such adsorption.

Investigation of the adsorption capacity of other organic molecules by fibres
has been mainly concerned with bile acids (Vahouny, 1982; Eastwood, 1983;
Vahouny and Cassidy, 1985; Selvendran et al., 1987; Kritchevsky, 1988;
Edwards and Read, 1990) and there have been repeated demonstrations of
adsorption of bile acids to various (isolated or not) fibres (Eastwood and
Hamilton, 1968; Kritchevsky and Story, 1974; Eastwood et al. 1976; Story and
Kritchevsky, 1976; Vahouny et al., 1980, 1981; Selvendran et al., 1987).
Adsorption depends on the experimental conditions (duration of exposure, pH,
. . .), on the physical and chemical forms of fibres and on the nature of bile acids
(Eastwood and Hamilton, 1968; Kritchevsky and Story, 1974; Eastwood and
Mowbray, 1976; Vahouny, 1982; Lairon et al., 1985). Certain fibres appear to
exhibit preferential adsorption for unconjugated bile acids rather than the
taurine or glycine conjugates and may show a degree of specificity for di- or
trihydroxylated bile acids (Eastwood and Mowbray, 1976). Among fibres,
pectins and lignins seem to have the greatest ability to adsorb bile acids.
Hydrophobic interactions were suggested as a mechanism of adsorption of bile
acids to lignins (Eastwood and Hamilton, 1968; Story and Kritchevsky, 1976)
whereas ionic interactions involving Ca®>* or AI** bridges were proposed for
pectins and other acidic polysaccharides (Nagyvary and Bradbury, 1977; Falk
and Nagyvary, 1982; Hoagland, 1989). However, other authors also suggested
hydrophobic interactions or hydrogen bonding between bile acids and pectins
since they observed greater binding when acidic groups were non-ionized
(Vahouny and Cassidy, 1985; Selvendran et al., 1987). Mechanisms of bile acids’
adsorption to fibres are not fully understood and discrepancies in adsorption
behaviour may arise from the method used to determine them and from the ways
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fibres were prepared. Adsorption is often taken as equivalent to retention but
both adsorption and entrapment in the cell wall matrix could be responsible for
binding (Eastwood, 1983). The preparation of fibres is important since some
components associated with fibres such as lectins, saponins, silicate could be
involved in bile acids and steroids adsorption. In fact, the efficiency of lignin as
an adsorbent is still an open question since its high bile acid adsorption capacity
was deduced from work on Klason lignin (Eastwood and Hamilton, 1986) which
is obtained after harsh chemical treatments of cell walls that may expose or
create sites for bile acids adsorption that otherwise would not be available or
even exist. Variations in bile acids adsorption capacity has been also related to
the developmental stage of fibre sources (Robertson et al., 1980b).

The in vivo bile acid-binding capacity of fibres has been indirectly
demonstrated by the increase of faecal bile acids and sterols (Anderson and
Chen, 1979; Gallaher and Schneeman, 1986). However, the effect of fibres on
bile acids metabolism may represent a small part of the overall mechanism
related to hyperlipidaemia (Eastwood, 1983; Judd and Truswell, 1985;
Kritchevsky, 1988; Adiotomre et al., 1990).

Effect of Processing

Much of the cell wall material we consume is processed, thus modifying the
content, the composition, the physico-chemical, functional and nutritional
properties of fibres.

Grinding

Most fibres are ground for better acceptance of the final food products.
Partitioning may be done but fractions can have different chemical com-
positions. Wheat bran, which contains different tissue, is especially affected.
Milled bran has a lower level of insoluble dietary fibre than coarse bran (Heller
et al., 1977; Caprez et al., 1986). In contrast, no marked differences were
observed between fractions of sugarbeet fibres, except an enrichment in ash for
the fraction with low particle size (Michel et al., 1988).
Grinding may affect hydration charactenstncs (see “Hydration Propertles

above) and possibly CEC (Kirwan et al., 1974). These effects are related to
changes in physical structure and chemical partitioning.

Chemical Treatments

Chemical treatments can solubilise some of the constituents such as pectins and
lignin. For example, treatment of wheat straw, corn stalk, cereal brans or
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vegetable or fruit pulp with an alkaline solution of hydrogen peroxide removes
part of the lignin and increases water absorption of the resulting fibres (Gould et
al., 1989). Treatment of sugar beet fibres successively with acid and alkaline
solutions enriches the resulting fibres in hemicellulose and cellulose at the
expense of pectins and arabinans and leads to fibres having different CEC and
hydration properties (Bertin et al., 1988; Table 2.6).

Table 2.6. Influence of some extractions on the physico-chemical properties of beet fibre (from
Bertin et al., 1988)

Treatment Swelling (ml/g) WBC? (g/g) CEC®
(in H,0) inH,0  in1MMaCl (meq/g)
None 11.5 26.5 20.6 0.47
Extraction by oxalate 25.2 32.0 21.1 0.46
Extraction by acid 16.7 27.5 19.1 0.37
Extraction by alkali 50.8 35.4 14.8 0.51

2 Water-binding capacity.
® Cation-exchange capacity.

Heat Treatment

Heat treatment may alter the fibre content of food as some insoluble compounds
such as products of Maillard reactions and resistant starch can be formed and
measured as part of cell wall fibres. For example, Bjork et al., (1984) showed
that the fibre content of wheat products increased with the severity of
extrusion-cooking (temperature, screw speed). The additional fibre fraction was
attributed to amylose-lipid complexes since they disappeared when a heat stable
«-amylase was used in the fibre content determination. On the other hand,
heating can also lower fibre content or modify the fibre distribution between
water-soluble and insoluble fractions by degrading components into smaller
compounds (Anderson and Clydesdale, 1980; Varo et al., 1984; Arrigoni et al.,
1986; Asp et al., 1986; Caprez et al., 1986; Ralet et al., 1990, 1991). In
particular, extrusion-cooking can increase the amount of water-soluble pectin
(Ralet et al., 1991). Wet heat treatment, particularly of vegetable and fruit
fibres, increases the amount of soluble fibre by partially degrading pectic
polysaccharides. The severity of the different heat treatments determines the
physico-chemical properties of fibres (Tables 2.7 and 2.8) (Anderson and
Clydesdale, 1980; Varo et al., 1984; Arrigoni et al., 1986; Caprez et al., 1986;
Ralet et al., 1990, 1991).

Conclusions

When studying physico-chemical properties of fibre, it is necessary to define
their origin, their methods of preparation, and, if possible, their chemical and
physical structure. The first crucial step is the preparation of the sample. For
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Table 2.7. Influence of some treatments on water-binding capacity (WBC) and fibre content of some
fibres (from Arrigoni et al., 1986)

Fibre Treatment Fibre content (% dry matter) WBC (g/g)
Insoluble  Soluble Total
Yellow pea hulls None 85.3 53 90.6 33
Boiled 60 min 82.9 9.8 2.7 5.0
Autoclaved 15min ~ 85.3 9.0 94.3 4.0
Autoclaved 30 min  81.7 9.7 91.3 3.7
Autoclaved 60 min  80.8 12.5 93.3 3.7
Extruded 81.1 6.7 87.8 33
Apple pomace None 55.5 10.5 65.9 51
Boiled 15 min 48.5 12.0 60.5 6.2
Boiled 60 min 45.9 18.4 64.3 6.2
Autoclaved30min  50.2 18.0 68.2 45
Autoclaved 60 min ~ 43.7 19.2 62.9 4.2
De-pectinised apple pomace ~ None 78.0 14.0 92.0 2.3
Boiled 15 min 72.0 10.9 82.8 2.5
Autoclaved 15min  72.3 10.7 83.0 2.1
Autoclaved 60 min  69.7 11.0 80.7 2.0
Extruded 82.0 8.9 90.9 3.0

Table 2.8. Influence of extrusion-cooking on the fibre content and properties of wheat bran (from

Ralet et al., 1990)

Fibre content (% dry matter) Water-binding Water-holding
capacity (g/g) capacity (g/g)

Insoluble Soluble Total

Not treated 423 8.1 50.4 6.4 2.7

Extruded?® 41.4 10.8 52.2 6.0 3.8

Extruded® 38.3 12.9 51.2 6.0 3.0

Extruded® 37.5 13.9 51.4 5.8 33

Extruded® 30.7 16.0 46.7 6.8 2.2

Conditions of extrusion:

Temperature, 100°C;

Screw speed (rev/min), 250*°, 240> ¢;

Water added (% of dry matter), 17.5°, 8.7°,11.3%, 6.19;

Feed rate (kg/h), 3225, 209,

material rich in starch and protein and poor in pectins, classical methods for the
analysis of cell walls can be used (cf. Chap. 4); however, the soluble fraction has
to be taken into account, especially for plant materials such as vegetable or fruit
fibre, which are rich in pectins susceptible to solubilisation mainly by
B-elimination (Massiot et al., 1988). During this step, artefacts arising from the

drying process or grinding may also be produced.

When considering the hydration properties, it is clear that further work is
needed to understand:

1. What we measure with all the different methods
2. How water precisely interacts and how we can distinguish between all the
types of interactions (physical, chemical)



36 Dietary Fibre - A Component of Food

3. What is the physical structure of fibres, i.e. area, density, shape of fibres,
diameter, length and population repartition of capillaries in fibres

4. How treatments affect the physical and chemical characteristics of fibres

5. How all these parameters affect hydration properties of fibres

6. How these parameters can be correlated with physiological response.

Thus, it is important that methods and conditions of measurements be clearly
given when reporting hydration properties of fibres. It is also necessary to
develop methods leading to the characterisation of the physical structure of
insoluble fibre.

The other very important physico-chemical property of dietary fibre is its
solubility. In cell walls some polysaccharides may be soluble (B-glucans, pectins,
some hemicelluloses, etc.); this soluble fraction is more important in vegetable
or fruit cell walls than in cereal cell walls because of the presence of pectic
substances. Much more is known about the properties (viscosity, gelling
behaviour, etc.) of soluble polysaccharides than those of insoluble fibre, because
appropriate methods exist. As most of the fibre found in food may be considered
as insoluble aggregates embedded in a more or less viscous surrounding solution,
the characterisation of the ‘“‘texture’” of these ‘“‘suspensions” has to be
extensively studied; this is not yet the case because appropriate methods must be
developed.
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Chapter 3

Physico-chemical Properties of Food
Polysaccharides

E.R. Morris

Introduction

Polysaccharides, which are the principal constituents of dietary fibre, show a
wide spectrum of physical properties, reflecting the nature and extent of
intermolecular association. At one extreme, the polymer chains may be packed
together into ordered assemblies, such as cellulose fibrils, which are almost
totally resistant to hydration and swelling. At the other extreme, polysaccharide
chains can exist in solution as fluctuating, disordered coils, interacting with one
another only by physical entanglement. Between these extremes lie the
hydrated, swollen networks typical of plant tissue and of many manufactured
foods.

The aim of this chapter is to relate the physical properties of food
polysaccharides to (1) possible modes of physiological action as dietary fibre,
and (2) their composition (primary structure), drawing on the understanding of
structure—function relationships that has developed from the use of isolated and
purified polysaccharides for control of texture in the food industry.

Certain industrial polysaccharides (notably pectin) also occur as significant
constituents of unprocessed foods. Some, such as methylcellulose and
carboxymethylcellulose (CMC), are chemically modified forms of natural
dietary fibres. Others come from sources that do not form part of the traditional
Western diet (from seaweeds, plant exudates, and bacterial fermentation), but
would fall within the “non-starch polysaccharide” definition of dietary fibre.

For the benefit of readers unfamiliar with carbohydrate chemistry, a brief
introduction to polysaccharide composition and shape (conformation) is given
below.

Structure and Shape of Polysaccharide Chains

The basic building block in all industrial polysaccharides is a six-membered
(pyranose) sugar ring (Fig. 3.1), composed of five carbon atoms and one oxygen.
In the projections shown in Fig. 3.1, carbon atoms are numbered clockwise from
the ring oxygen, with C-6 lying outside the ring. The stable conformations of the
pyranose ring (see, for example, Stoddart, 1971) are chair forms (“C; and 'Cy) in
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Fig. 3.1. Chair conformations of 6-membered sugar rings.
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Fig. 3.2. Conformational variables in carbohydrate chains (illustrated for cellulose).

which all bonds are fully staggered. Substituents at each carbon atom may be
present either in equatorial locations, widely spaced around the periphery of the
ring, or in crowded axial positions above or below the ring. Interconversion
between “C; and 'C, chair forms has the effect of converting all equatorial
substituents to axial, and vice versa. For all sugars encountered in food
polysaccharides, the stable chair conformation is the one in which the bulky C-6
group is equatorial rather than in the sterically crowded axial location.

Linkage of sugars in carbohydrate chains occurs between the OH group at C-1
of one residue and any of the other OH groups of the next (O-2, O-3, O-4 or
0-6), with formal elimination of water. Branching occurs by linkage at two (or
more) of these positions on the same residue. In the stable chair form (C-6
equatorial) an axial linkage at O-1 is designated as a « and an equatorial linkage
as B. O-2, O-3 and O-4 may be either axial or equatorial, depending on the
specific sugar.

Since, as discussed above, the component monosaccharide units can be
regarded as essentially locked in the chair conformation in which C-6 is
equatorial, the overall shape of the polysaccharide chain (Rees et al., 1982) is
determined by the dihedral angles between adjacent residues (Fig. 3.2). These
may be either fixed, and have the same values at all positions along the polymer
chain, to give ordered chain conformations, or constantly fluctuating, to give the
overall “random coil” behaviour typical of polymer solutions.

Order and Disorder

Adoption of regular, ordered shapes that can pack together efficiently (Rees et
al., 1982) is essential for assembly of polysaccharide chains into compact,
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unhydrated forms, such as cellulose fibrils or starch granules. Whether such
ordered assemblies remain stable on exposure to excess water or dissociate into
individual hydrated chains depends on the interplay of a number of different
factors. The most obvious is charge. Many polysaccharides have charged groups
(e.g. COO~ or SO3) which repel one another, thus favouring expanded coil
geometry in solution, rather than compact ordering. Less obviously, the
presence of small co-solutes, such as sugars or salts, can alter the solvent quality
of water and shift the balance between polymer—polymer interactions and
polymer—solvent interactions, normally in the direction of decreased solubility.

Adoption of an ordered structure also entails considerable loss of mobility
(i.e. entropy), which must be more than offset by favourable non-covalent
interactions between the participating chains. Non-covalent bonds (such as
hydrogen bonds, electrostatic attractions and van der Waals forces) are
individually weak and are effective in stabilising polymer assemblies only when
they act co-operatively in extended arrays, so that ordered structures have a
minimum critical length, typically of about 10 residues in each chain. Thus
changes in primary sequence (such as branching, irregularly spaced sidechains,
or anomalous residues in the polymer backbone) can be an important drive to
solubility if they occur at spacings less than the minimum sequence length for
ordered association. The presence of sidechains can, in itself, promote solubility
by providing an additional entropic contribution from freedom of rotation about
the sidechain—mainchain linkage. Similarly, polysaccharides with flexible
linkages in the polymer backbone are less likely to form stable, solvent-resistant
assemblies than those that are inherently stiff.

Finally, temperature is an important determinant of solubility. The overall
change in free energy (AG) on going from a compact, ordered structure to a
disordered coil is related to the enthalpy change (AH) from loss of favourable
non-covalent interactions and the entropy change (AS) from increased
conformational mobility by:

AG = AH — TAS 3.1)

Thus entopic effects, favouring solubility, become increasingly important with
increasing temperature (7). Because of the simultaneous, co-operative
involvement of large numbers of weak bonds, the formation and melting of
polysaccharide ordered structures usually occur as sharp processes (in many
ways analogous to phase transitions of small molecules), in response to
comparatively small changes in temperature (or other external variables such as
ionic strength or pH).

Inter-residue Linkage Patterns and Ordered Packing

A major difference between polysaccharides and most other types of polymer is
that the same monomer unit can be linked together in different ways to give
different macromolecular structures. Fig. 3.3 shows four polymers of glucose
(cellulose, amylose, curdlan and dextran). Despite being built up from the same
monomer, these materials all have very different physical properties. .
Conversely, different sugars linked together in the same way often give
polysaccharides with closely similar properties (Rees et al., 1982). For example,
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Fig. 3.3. Polymers of glucose, linked p-1,4 (cellulose), «-1,4 (amylose), §-1,3 (curdlan) and «-1,6
(dextran).

cellulose, chitin, mannan (the backbone of the galactomannan family of plant
polysaccharides) and xylan (the backbone of arabinoxylans and related
hemicelluloses) all form mechanically strong, solvent-resistant matrices, but are
built up from different monomer units (glucose, N-acetylglucosamine, mannose
and xylose respectively). In each case, however, the component residues are
linked together through equatorial bonds diagonally opposite each other across
the sugar ring (B-1,4 diequatorial), so that the bonds to and from each residue
are parallel and almost co-linear. This linkage pattern (Fig. 3.4a) gives flat,
ribbon-like structures that can pack into tough, fibrillar assemblies.

Other types of bonding pattern also give rise to characteristic ordered
structures, with associated characteristic physical properties, largely indepen-
dent of the nature of the component residues (unless gross changes, such as the
presence or absence of charge, are also involved). For example, when the bonds
to and from each residue are once more directly opposite one another but axial
rather than equatorial, so that, although still parallel, they are now offset by the
full width of the sugar ring, the resulting ordered structures are again
ribbon-like, but highly buckled (Fig. 3.4b) and pack together with cavities
which, when the chains are charged, can accommodate site-bound counterions.
Dimeric “egg-box” structures of this type occur in the calcium-induced ordered
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Fig. 3.4. Relationship between the ordered structures of polysaccharide chains and the relative
orientation of bonds to and from component residues. a Extended ribbons; b buckled ribbons;
¢ hollow helices.

assemblies of 1,4-diaxially linked polygalacturonate sequences (in pectin) and
polyguluronate sequences (in alginate).

When the bonds to and from each residue are no longer parallel (Fig. 3.4c), a
systematic “‘twist” in chain direction is introduced, giving helical ordered
structures which are usually stabilised by packing together co-axially. This
situation can arise from bonds which are no longer diagonally opposite each
other (as in the curdlan structure shown in Fig. 3.3) or which are diagonally
opposite, but with one axial and one equatorial (as in amylose). The ordered
structures of amylose and curdlan (a gelling polysaccharide used widely in
Japan, but not cleared for food use in the West) are double and triple stranded
helices, respectively. Linkage outside the sugar ring (as in the dextran structure
in Fig. 3.3) joins the component residues by three rather than two covalent
bonds, giving additional entropic stability to the disordered form.

Hydrated Networks

One of the most characteristic features of many polysaccharides in vitro is their
ability to form cohesive gels at low concentrations (typically around 1% w/v,
although some polysaccharides gel at concentrations of 0.1% or less). The same
behaviour often occurs in vivo in formation of hydrated tissue structure.
Crosslinking of such networks (Fig. 3.5) involves extended ‘“‘junction zones” in
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Fig. 3.5. Schematic representation of hydrated polysaccharide network.

which the participating chains pack together into ordered assemblies, which can
be of any of the structural types shown in Fig. 3.4 (flat nested ribbons, buckled
“egg-box” dimers or co-axial helices). Formation of a hydrated network rather
than an insoluble precipitate, however, requires the junctions to be linked by
interconnecting sequences that are conformationally disordered (as in solution),
providing an entropic drive to solubilise the network.

Co-existence of ordered and disordered regions within the same polysacchar-
ide system can occur in a number of ways (Rees et al., 1982). As a general
mechanism, the presence of a small amount of residual disorder in an otherwise
fully ordered polymer can lower the overall free energy by an entropic
contribution that more than outweighs the enthalpic advantage of further
ordering. In most polysaccharides, however, ordered association is limited by
primary structure.

The simplest situation is where the polymer has a block structure, with regions
that are soluble under the prevailing solvent conditions interspersed by regions
capable of forming stable associations. A well-characterised example is the
calcium alginate gelling system, where sequences of one type (1,4-diaxially
linked polyguluronate) adopt a ‘“buckled-ribbon” conformation and form
junctions stabilised by site-bound calcium ions (Fig. 3.4b) and other sequences
which cannot bind calcium in this way confer solubility (1,4-diequatorially linked
polymannuronate, and heteropolymeric blocks incorporating both mannuronate
and guluronate). In other systems, such as plant galactomannans (which include
the food polysaccharides guar gum and locust bean gum), pendant sidechains
limit association of the polymer backbone.

Inter-chain junctions can also be terminated by the occurrence in the primary
sequence of anomalous residues that are geometrically incompatible with
incorporation in the ordered structure. The structural properties of agar and
carrageenan polysaccharides in algal tissue are regulated in this way. “Kinking”
residues of 1,2-linked rhamnose have a similar role in pectin, and are spaced
such that the 1,4-diaxially linked polygalacturonate sequences of the polymer
chain have a regular length of approx. 25 residues. These sequences form
calcium-mediated junctions in the same way as the polyguluronate regions of
alginate, but the extent and stability of association may be modified by the
occurrence of a proportion of the galacturonate residues as the methyl ester.
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Polysaccharide ‘“Weak Gels”’

As discussed previously (see Equation (3.1)), conversion of a polysaccharide
chain segment from a fluctuating, disordered state in solution to a rigid, ordered
conformation in a gel junction zone involves substantial loss of entropy, and will
therefore occur only if the compensating enthalpy advantage is sufficiently large.
In other words, formation of a conventional hydrated network (“true” gel)
requires comparatively strong non-covalent bonding between the participating
chains. The force required to break the resulting network is therefore
correspondingly large, giving structures that are cohesive and self-supporting
under gravity.

Certain polysaccharides (notably the bacterial exopolysaccharide xanthan,
which is now used extensively in food), however, exist in solution in a rigid,
ordered chain conformation, rather than as disordered coils (Norton et al.,
1984). Side-by-side association of such rigid structures involves little loss of
entropy and can therefore occur even if the bonding is weak. The result is a
three-dimensional network structure analogous to that indicated in Fig. 3.5 for
“true gels”, but with far less stable association between the chains
(Ross-Murphy et al. 1983). Such “weak gel” networks are often sufficiently
cohesive to hold particles in suspension or stabilise emulsions over long periods
of time. They are not, however, strong enough to support their own weight
under gravity, and therefore flow like normal polymer solutions, although, as
discussed later, there are substantial quantitative differences in viscosity
behaviour between “weak gels” and solutions of disordered polysaccharide
chains.

Hydrodynamic Volume of Disordered Polysaccharide
Chains

In contrast to the ordered structures of polysaccharides which, as outlined
above, are critically sensitive to detailed primary structure, the properties of
disordered chains in solution are dependent predominantly on molecular size
(Morris et al., 1981), which in turn is therefore likely to be a crucial determinant
of biological function.

The most direct index of the volume occupied by individual coils is the
“limiting viscosity number” or “intrinsic viscosity”, [n]. This is the fractional
increase in viscosity per unit concentration of polymer, under conditions of
extreme dilution (where there are no interactions between chains), and has units
of reciprocal concentration (rather than units of viscosity). Intrinsic viscosity is
related to molecular weight (M) by the Mark—Houwink relationship:

[l = KM (3.2)

Theoretically, a has a value of 2 for fully-extended rigid rods and 0.5 for
freely-jointed coils. For most real disordered polysaccharides a is substantially
higher (Morris and Ross-Murphy, 1981), often around one, so that intrinsic
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viscosity (coil volume) increases more or less linearly with increasing molecular
weight.

The constant of proportionality (K) is largely dependent on the nature of the
linkages between adjacent residues in the polysaccharide backbone (Rees et al.,
1982). Linkage patterns (Fig. 3.4) giving extended, ribbon-like ordered
structures (flat or buckled) also give rise to expanded coil dimensions in solution
(i.e. high values of K), whereas the non-parallel linkages that promote helical
ordered structures give small, compact coils (low values of K).

Short sidechains (such as the single-residue galactose substituents on plant
galactomannans) have little, if any, effect on coil dimensions; the intrinsic
viscosity of such materials is determined almost entirely by the length of the
polymer backbone (McCleary et al., 1981). Extensive branching (as in
amylopectin or gum arabic), however, gives rise to very compact coils (i.e.
extremely low values of K) and to a decreased dependence of coil volume on
molecular weight (a < 0.5).

In charged polysaccharides, coil dimensions can be altered substantially by
changes in ionic strength (). Electrostatic repulsions between chain segments
increase coil volume, but can be screened out by addition of salt, allowing the
coil to contract towards the dimensions it would have adopted if uncharged.
Quantitatively, intrinsic viscosity decreases linearly with 1//I (Smidsr¢d and
Haug, 1971), extrapolating at infinite ionic strength (1//I = 0) to the intrinsic
viscosity of a neutral polysaccharide of the same primary structure and
chainlength.

Coil Overlap and Entanglement

As the concentration (c) of a solution of disordered polysaccharide chains is
increased, a stage is reached at which the individual coils are forced to
interpenetrate one another to form an entangled network (Graessley, 1974).
The concentration at which this occurs is known as c*. Below c*, where
individual coils are free to move through the solvent with little mutual
interference, viscosity is virtually independent of shear rate (this is known as
“Newtonian” behaviour). Above c*, where chains can move only by the much
more difficult process of “wriggling” (reptating) through the entangled network
of neighbouring chains, viscosity (1) becomes highly dependent on shear rate
(V). At low shear rates, where there is sufficient time for entanglements pulled
apart by the flow of the solution to be replaced by new entanglements between
different chains, with no net change in “crosslink density’’,  remains constant at
the maximum ‘‘zero shear” value, 1. With increasing shear rate, however, the
rate of re-entanglement falls behind the rate of forced disentanglement, and
viscosity falls (Fig. 3.6).

The transition from a dilute solution of independently moving coils to an
entangled network is also accompanied by a very marked change in the
concentration-dependence of viscosity. At concentrations below c*, the main
effect of the polysaccharide coils is to perturb the flow of the solvent by tumbling
around and setting up ‘“‘countercurrents’” which increase the overall viscosity.
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Fig. 3.6. Decrease in viscosity (n) with increasing shear rate (y) for a typical solution of entangled
polysaccharide coils (¢ > ¢*).
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Fig. 3.7. Variation of maximum “zero shear” viscosity with degree of space-occupancy for various
disordered polysaccharides (shown by different symbols). From Morris et al. (1981), with
permission.
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The fractional increase in viscosity due to the presence of the polymer (the
“specific viscosity”, ns, = (N — M)/, Where 7, is the viscosity of the solvent) is
roughly proportional to the number of chains present, but second-order effects
due to mutual interference of countercurrents from nei§hbouring molecules
increase the concentration-dependence to approx. c!°, so that doubling
concentration increases 1, by a factor of approx. 2.5. At higher concentrations,
where the chains are entangled, “zero shear” viscosity increases much more
steeply with increasing concentration, varying as approx. ¢ (so that doubling
concentration gives about a ten-fold increase in viscosity). At the onset of
entanglement, polysaccharide solution viscosity (Morris et al., 1981) is usually
about 10 mPa-s (i.e. about ten times the viscosity of water), so that almost all
practical food applications involve entangled networks at higher concentrations.

For any specific polysaccharide sample the onset of coil overlap is determined
by two things: the number of chains present (proportional to concentration) and
the volume that each occupies (proportional to intrinsic viscosity [n]). Coil
volume can vary widely from sample to sample, with corresponding variation in
the critical concentration (c*) at which entanglement begins. However, when
viscosity is plotted as a function of the extent of space-occupancy by the
polymer, characterised by the ““coil overlap parameter’ c[n], rather than against
concentration alone, then results for most “random coil” polysaccharides
superimpose closely (Fig. 3.7), irrespective of primary structure and molecular
weight (Morris et al., 1981), with the onset of entanglement (c* transition)
occurring when c[n] = 4.

Shear-Rate Dependence of Viscosity

In dilute solutions of disordered coils (¢ < ¢*), viscosity (n) shows only a slight
dependence on shear rate (y), typically less than 30% over several decades of v,
due to individual coils being stretched out by the flow and offering less resistance
to movement. In entangled networks (¢ > c¢*), however, the reduction in n with
increasing y (“shear-thinning”) can be very large, with viscosities often dropping
by several orders of magnitude. For samples with a high polydispersity of chain
length (which is invariably the case for food polysaccharides) the form of
shear-thinning at concentrations above c* is entirely general and can be fitted
(Morris, 1990) with good precision by:

n = no/[1 + (V)] ' (3.3)

where ¥y, is the shear rate required to reduce viscosity to n/2, and p = 0.76 (the
absolute value of the slope of log n vs. log ¥ at high shear rate). Rearrangement
of Equation (3.3) gives:

n = Mo — (1l ny? (3.4)

Thus plotting 1 against ny%’S gives a straight line of intercept no and gradient
—(1/45)°7. For any given solution, viscosity () at any shear rate (y) can
therefore be defined completely (Equation (3.3)) by two parameters, 1o and ¥y,
both of which can be derived from a simple linear plot.
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It should be noted that the common practice of fitting shear-thinning data to a
“power-law” of the form:

n = k=D 3.5)

where n is the so-called “pseudoplasticity index”, is equivalent to treating
double-logarithmic plots of n vs. ¥ (such as that shown in Fig. 3.6) as straight
lines, and is therefore totally invalid for entangled coils.

The shear-thinning behaviour of “weak gels” is quite different from that of
entangled coils (Morris, 1984). In particular, since a finite stress is required to
rupture the network, the viscosity (defined as the ratio of stress applied to shear
rate generated) increases progressively with decreasing shear rate, rather than
reaching a maximum equilibrium value (as in Fig. 3.6 for entangled coils).
Indeed, for most “weak gel” systems, double-logarithmic plots of n vs. y are
linear (so that in this case the power law analysis of Equation (3.5) is valid), and
have a slope greater than the maximum value of —0.76 for disordered
polysaccharides.

Implications for Digesta Viscosity

To a first approximation, chyme may be considered as a biphasic system
consisting of solid particles dispersed in a solution of soluble polymeric material.
The viscosity generated by solid particles (see, for example, Everett, 1988) is
largely independent of their size, but is directly related to the fraction of the total
volume that they occupy (phase volume, ¢). At low phase volumes:

Nep = ko (3.6)

The constant of proportionality, k, has a value of 2.5 for spherical particles,
increasing to around 4 for elongated “‘rods”. Since the density of food materials
is usually close to that of water, ¢ is approximately equal to ¢/100, where c is the
concentration of the particulate phase in per cent w/v. Thus:

[] = neplc ~ k/100 3.7

In other words, dispersed solids have intrinsic viscosities in the range
0.025-0.04dl/g. By comparison, the intrinsic viscosities of soluble poly-
saccharides (Morris and Ross-Murphy, 1981) range typically from about 1dl/g
for compact coils to around 20 d/g for commercial thickeners (such as guar gum)
and can reach values of at least 70-80 dl/g for rigid, rod-like molecules such as
xanthan.

It is clear, therefore, that in fluid digesta with any significant content of
dissolved polysaccharides, these will dominate the overall viscosity. The same is
not, however, true at higher solids content (as in faeces). With decreasing water
content, and thus increasing phase volume of particulate material, the viscosity
generated by the particles increases very steeply as they approach close packing
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(Everett, 1988). This is analogous to the sharp increase in concentration-
dependence of viscosity for disordered coils when they reach full space-
occupancy at c*, but is an even more dramatic effect since, unlike polymer coils,
solid particles cannot interpenetrate one another. The precise volume fraction at
which close packing is reached depends on the shape of the particles and their
size distribution, but in general, development of significant viscosity by
undissolved food particles is unlikely to occur until they occupy about half the
total volume (¢ = 0.5).

The viscosities generated by soluble dietary fibre constituents in more dilute
digesta (in the stomach and small intestine) will follow the generalities of
concentration dependence and shear rate dependence detailed in previous
sections for isolated polysaccharides in vitro, with some obvious caveats for
designing and reporting animal trials and clinical studies of the physiological
action of soluble fibres in vivo.

In particular, the crucial importance of molecular size is often ignored (Ellis et
al., 1986). As illustrated in Fig. 3.7, the viscosity generated by disordered coils
has little to do with their chemical composition, but is directly dependent on the
degree of space-occupancy by the polymer, characterised by the (dimensionless)
product of concentration (proportional to the number of chains present) and
intrinsic viscosity (proportional to the volume which each occupies). It is
therefore just as essential when documenting studies of physiological activity to
give an indication of molecular size as it is to report concentration and structure.
A particular danger is that apparent differences in the effectiveness of different
soluble fibres may be due simply to differences in the molecular weights of the
particular samples used, rather than reflecting a genuine dependence of
physiological activity on chemical composition.

The most direct index of molecular size is intrinsic viscosity, whose
determination is described in detail elsewhere (Morris, 1984). An acceptable
alternative would be to measure viscosities at a few concentrations in the range
of practical -usage. In view of the extreme shear-thinning of polysaccharide
solutions, it is virtually useless to report viscosity to a single shear rate
(particulary if the rate is not specified). Measurements at a few different shear
rates, however, can be used to construct a linear plot of n vs. Y, 76 and hence
derive the values of 1o and ¥, which define completely the viscosity at all shear
rates (Morris, 1990). For “weak gel” systems the equivalent parameters are k
and n (Equation 3.5) from a linear plot of log n vs. log ¥.

A complication in interpreting results from clinical studies of soluble fibre is
that concentrations in the lumen may be quite different from those ingested. In
particular, recent studies using a pig model (Roberts et al., 1990) have shown a
substantial increase in the total volume of digesta passing through the small
intestine with increasing concentration and molecular weight of soluble
polysaccharide in the feed (thus partially offsetting the initial differences in
viscosity). The mechanism of this feedback process is not yet fully understood,
but it is clearly of importance in defining optimum levels and types of soluble
fibre for clinical use.

A further obvious consideration is that soluble polysaccharides can confer
viscosity only once they have dissolved. This may explain conflicting reports on
the effectiveness of guar gum in reducing postprandial hyperglycaemia, since
different commercial guar granulates dissolve at quite different rates (Peterson
and Ellis, 1988).
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Transport and Release of Nutrients

The ability of guar gum and other viscous polysaccharides to reduce postprandial
concentrations of blood glucose, with associated reduction in insulin levels, is
one of the most extensively documented aspects of the physiological action of
dietary fibre. Two mechanisms bring nutrients into contact with the mucosal
surface of the gut. Intestinal contractions create turbulence, allowing digesta
from the centre of the lumen to be transported close to the epithelium. Nutrients
then have to diffuse across the thin, relatively unstirred layer of fluid
immediately adjacent to the intestinal mucosa.

An increase in the viscosity of the luminal contents will obviously impair the
peristaltic mixing process, and this is likely to be the dominant mechanism by
which soluble fibres retard the release of small molecules into the bloodstream.
Hindered mixing of luminal contents may also slow the overall digestive process
by decreasing the rate of transport of enzymes to their substrates and bile acids
to unmicellised fat. A further effect of dissolved polysaccharides may be to
inhibit diffusion of nutrients across the unstirred layer, by presenting a physical
obstacle to movement of small species (Héglund et al., 1988), but this is likely to
be significant only at very high polymer concentrations.

As discussed in the previous section, insoluble fibres may also contribute to
digesta viscosity and hence to the restriction of peristaltic mixing. More directly,
however, nutrients trapped within the particles must first be released into the
surrounding intestinal fluid before they can be absorbed through the gut wall.
The rate of release will obviously be directly proportional to the total surface
area of the solid particles, and hence increase with decreasing particle size. It
will also be affected by, for example, the physical state of the solute (e.g.
whether it is present in solid form or is already dissolved in water trapped within
the particle), the physical structure of the particle (e.g. whether it is readily
deformable, like a sponge, so that dissolved solids can be squeezed out by
peristaltic contractions, or rigid, so that solutes must diffuse out), and by the
surface properties of the particle (e.g. surface tension effects).

The concentration of nutrients within the continuous aqueous phase will be
constantly depleted by enteric absorption, and replenished, as outlined above,
by release of material from food particles. The progress of these sequential
release processes will, of course, also be influenced by transit times (i.e. the
duration of exposure to a particular absorptive surface or digestive environ-
ment). .

Finally, increased dietary intake of charged polysaccharides may have
implications for the availability of essential mineral nutrients. Tight site-binding
of counterions within the ordered structure of charged polysaccharides such as
pectin has been detailed above. Weaker “atmospheric” binding can occur
around disordered polyelectrolyte chains in solution or at the surface of
insoluble fibres.

In all cases, electrostatic binding will, of course, occur only when the ionic
substituents of the polysaccharide retain their charge. Sulphate groups (as in
carrageenan) remain charged to very low pH, but the pKa of carboxyl groups in,
for example, pectin and alginate is around 3.4. Thus at gastric pH these
materials may become partially un-ionised and shed their bound counterions,
while at higher pH in the small intestine they will regain their charge and once
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more participate fully in electrostatic binding, perhaps with ions different from
those with which they were initially associated.

Susceptibility to Digestive Enzymes and Colonic
Fermentation

Although the potential susceptibility of polysaccharides to cleavage by specific
enzymes is, of course, dependent on their primary sequence, the extent of
hydrolysis which occurs in practice can be drastically reduced by conformational
ordering and packing.

For example, xanthan, which has a cellulosic backbone, can be degraded by
cellulase enzymes when it is in a disordered coil form, but on conversion to the
rigid, ordered structure (which gives rise to its characteristic “weak gel”
properties) it is almost entirely resistant (Rinaudo and Milas, 1980). Similarly,
the ordered (double helical) structures of amylopectin in ungelatinised (native)
starch granules, and of amylose after retrogradation, constitute the ‘“‘resistant”
starch which survives digestion by human enzymes in the foregut.

The same considerations will obviously apply to degradation of dietary fibre
constituents by bacterial enzymes in the colon, with soluble, disordered chains
being much more susceptible to cleavage than packed, ordered assemblies,
provided that the appropriate enzymes are generated by the bacterial flora.

Conclusions

Since the physical properties of polysaccharides are determined more by the way
in which the component residues are linked together than by the nature of the
residues, analysis of dietary fibre for the types and proportions of sugars present
is unlikely, in itself, to give much indication of function. Perhaps the only useful
generality is that charged polysaccharides are usually more readily soluble than
neutral chains, although even here the presence of a sufficient concentration of
appropriate counterions can promote stable association of polyelectrolytes into
solvent-resistant assemblies.

Determination of the linkages between adjacent residues in the polysacchar-
ide repeating sequence is, of course, a substantial improvement, but is still an
incomplete description since, as detailed earlier, minor departures from
structure regularity (e.g. branching; anomalous residues; sidechains) can have a
major influence on physical properties. When the spacing of these interruptions
is larger than the critical sequence length for ordered association, their effect is
to promote formation of hydrated networks rather than insoluble aggregates. At
shorter spacings they may completely abolish interchain association and
solubilise an otherwise insoluble primary sequence.

Characterisation of the distribution of structural irregularities along the
polymer chain (i.e. determination of “fine structure”) has been achieved for
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some polysaccharide systems, by selective chemical or enzymatic degradation,
but this is a highly skilled, lengthy undertaking that could certainly not be
adopted for routine analysis of dietary fibre. Progress in understanding the
mechanism of action of insoluble fibre or swollen, hydrated networks is
therefore more likely to come from relating physiological effects to the
macroscopic properties of these materials rather than to their chemical

composition.
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Commentary

Southgate: This paper provides a useful account of the physico-chemical
properties of food polysaccharides focusing especially on the properties of
isolated soluble polysaccharides, principally those used as polysaccharide
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additives. As such it provides a background to understanding the way in which
these polysaccharides behave in solution and in colloidal systems. The
information is very relevant to the role of isolated polysaccharides in food
systems especially food functionality and texture. It may well be that more
careful consideration of these properties in the design of physiological studies
may advance understanding of structure/physiological effects. It may also
advance the pharmacological use of polysaccharides as cholesterol-lowering
agents or agents for improving dietetic control of diabetes mellitus. I strongly
support the concept that measurement of physical properties is essential for
understanding the physiological effects, which cannot come from chemical
analysis of the polysaccharides alone.

I think that the term “‘dietary fibre” is inappropriate for describing an isolated
polysaccharide when its structure is known, and “non-starch polysaccharides”
should be the preferred terminology for the group and the trivial names for an
individual polysaccharide, e.g. guar gum or pectin.

It is not made clear in the introduction that the pectin added to foods is
substantially depolymerised when compared with pectic substances in foods and
has lost many sidechains. Also, the etherification of the hydroxyl groups of
cellulose with methyl or carboxymethyl groups makes radical changes to physical
properties, and comparison with native cellulose is possibly slightly misleading.

Author’s reply: I am pleased that Professor Southgate shares my view of the
importance of relating physiological action to physical properties. My personal
opinion is that the term ‘dietary fibre” is so diffuse that it hinders rational
discussion (the same might be said of the equally unhelpful term “food
additive”!). “Non-starch polysaccharide” is not much better because of (a) the
issue of resistant starch, and (b) the huge range of physical properties spanned
by different polysaccharides. The main thrust of my chapter (as indicated in the
opening paragraph) is to suggest that we should really focus on different states of
molecular organisation and packing, rather than on the source and chemical
composition of the materials.

The intention of the third paragraph of the Introduction was to make the point
that “‘industrial’’ polysaccharides and ‘‘natural’’ polysaccharides form part of the
same spectrum of chemical structures and physical properties, so that general
principles established for one can be applied to the other. I certainly did not
intend to imply that extraction and, particularly, chemical derivatisation have no
effect on physical properties; indeed much of the later discussion is devoted to
describing and explaining the type of changes that can occur.



Chapter 4

Dietary Fibre Analysis
N.-G. Asp, T.F. Schweizer, D.A.T. Southgate and O. Theander

Classification of Carbohydrates in Foods as Related to
Dietary Fibre Analysis

Whichever definition is used for dietary fibre the major components are
polysaccharides and the classification of these carbohydrates in foods provides
the background for the analytical strategies.

It is possible to classify the carbohydrates in the diet in several different ways
depending, for example, on their sources, their role in the foods themselves,
their chemical structures and reactivity, their physical properties or according to
their nutritional and physiological effects (British Nutrition Foundation, 1990).
In the nutritional context one is seeking to distinguish substances or groups of
substances that have specific nutritional or physiological effects when consumed.
This is especially true in the case of dietary fibre where we are concerned with
the postulated effects that relate to protection from chronic disease (Southgate,
1988; Southgate and Englyst, 1985). The quantification of these effects depends
on measurement of the specific groups of substances. Since this measurement
will depend primarily on chemical properties it is appropriate to make the basis
of the classification a chemical one (Southgate, 1976a), although even on this
basis there are a number of different schemes that can be used.

Classification and terminology are so closely related that they cannot be
separated. The different classes or sets of carbohydrates must be named in some
way so that they can be distinguished. The choice of analytical strategy then
depends on which classification is relevant for the purposes for which the
analyses are required (Southgate, 1976b; Southgate et al., 1978; Asp and
Johansson, 1984; Schweizer, 1989, 1990), although it is important to note at this
stage that practical considerations will often determine which analytical strategy
is acceptable (Southgate, 1969a, b). Thus, classification of all the types of
non-cellulosic polysaccharides present in foods is entirely feasible at several
different levels of complexity (Selvendran, 1984); analytical separation and
analysis is likewise feasible but impractical when one of the constraints on
analysis is time.

T. F. Schweizer et al. (eds.), Dietary Fibre — A Component of Food
© Springer-Verlag London Limited 1992
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Principal Criteria for Classification

Most of the chemical reactions of the carbohydrates are general rather than
specific and do not lend themselves to form the basis for classification, with the
possible exception of reducing and non-reducing sugars, and structural features
provide the most acceptable characteristics to use.

Degree of Polymerisation

The precise boundary between the oligosaccharides and the polysaccharides is
difficult to define with rigour and the limit of 10 residues as used by IUPAC for
inclusion as polysaccharides is arbitrary. A higher number of residues may be
required for the development of tertiary configuration (British Nutrition
Foundation, 1990). Insolubility in 80% v/v ethanol, retention by dialysis tubing
or an ultrafiltration membrane, however, forms the practical basis for the
boundary. A range of factors other than degree of polymerisation including the
type of linkages, extent of branching and bonding with non-carbohydrate
components also act as determinants.

Oligosaccharides with more than five monosaccharide residues are uncommon
naturally. Higher oligosaccharides are formed during the preparation of starch
or gum hydrolysates and may occur in foods where these materials are used as
ingredients, or may be formed as a result of the processing of starchy foods.
Higher oligosaccharides of fructose are also present in foods where fructans are
the principal storage polysaccharide.

This primary classification divides the food carbohydrates into three major
categories. ‘“‘Sugars” (mono- and disaccharides), oligosaccharides and poly-
saccharides (Table 4.1). The latter corresponds to the “Complex Carbo-
hydrates” used in the McGovern Report (US Senate Select Committee on
Nutrition and Human Needs, 1977). Thus, it includes both starch and dietary
fibre, although the term has also been used to differentiate ‘‘available”
polysaccharides as opposed to simple sugars.

Classification of the Polysaccharides

In classifying the polysaccharides further, the degree of polymerisation is of less
value because most food polysaccharides appear to be polydisperse, which may
be exaggerated by the methods of extraction. Classification systems that rely on
one set of criteria invariably produce a series of overlapping sets and a number
of different criteria are required. This is illustrated in Table 4.1 (British
Nutrition Foundation, 1990) which lists the major classes of polysaccharides in
foods. The first column considers the groups of polysaccharides according to
their role in the plant food.

There are three major categories of intrinsic (occurring naturally in foods)
polysaccharides; the storage polysaccharides of which the starches are
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Table 4.1. Classification of polysaccharides
Sourceindiet  Major types Polysaccharide species Monosaccharide Bonds in
backbone backbone
Intrinsic
Storage Starch Amylose Glucose Linear 1-4o
Amylopectin Glucose Branched 1-4«
Fructans E.g. inulin Fructose
Galactomannans  E.g. guar, locust-bean Mannan Linear 1-48
. gum
Plant cell wall  Non-cellulosic Pectin components Galacturonic acid Linear 1-4a
Arabino-galactans Galactose Linear 1-4a
Arabino-xylans Xylans Linear 1-48
Gluco-xylans Xylans Linear 1-48
B-glucans Glucose Mixed 1-3, 1-4f
Cellulosic Cellulose Glucose Linear 1-48
Non-structural  Gums Many Very diverse Non-a-glucosidic
soluble Mucilages heteropolysaccharides bonds
components
Extrinsic
Ingredients and Starch Esters, ethers, Glucose 1-4/1-6c
food additives  Modified Ethers Glucose 1-48
Cellulose
Pectins Amidated Galacturonic acid 1-4a
Alginates Guluronic/mannuronic
Gums storage Mannan
Gums exudate Wide range

quantitatively the more important; the structural materials of the plant cell walls
and those polysaccharides that serve to protect the plant from desiccation, i.e.
gums and mucilages. The extrinsic polysaccharides (added to foods during
preparation or formulation) are a diverse group of polysaccharide ingredients
and food additives used primarily to modify or control the physical
characteristics of foods. These extrinsic components are almost invariably
derived from plant tissues and therefore share many features of chemical
structure with the intrinsic components (Southgate, 1976a). The boundaries
between these categories are not absolute. Each of the primary categories can be
subdivided into subgroups on the basis of type of molecular structures: the
component monosaccharides forming the backbone of the polymer and the types
of branching present. The configuration of the glycosidic linkages in the
backbone of the polymer is extremely important because it determines the
tertiary structure of the molecule, which in turn determines the physical
properties of the polysaccharides and their capacity to associate with other
polysaccharide chains and with proteins. Thus linear molecules with a 1-4 beta
configuration and equatorial 0(4) as in glucose and mannose are capable of
associating and hydrogen-bonding to form fibrillar insoluble crystalline
structures such as cellulose fibrils.

The capacity to bind to proteins is especially important physiologically, since it
determines susceptibility to enzymatic hydrolysis. Polysaccharides with 1-4 and
1-6 alpha glucosidic bonding can be hydrolysed by the amylase in the
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mammalian salivary and pancreatic secretions to give glucose, maltose,
isomaltose and malto-oligosaccharides and thus can be hydrolysed and absorbed
within the small intestine. Together with mono- and disaccharides, they formed
the “available” carbohydrates of McCance and Lawrence (1929). This criterion
divides the polysaccharides into two distinct groups, the alpha glucans (the
starches and glycogen) and other polysaccharides (the non-starch polysacchar-
ides). Physical and chemical modifications of the alpha-linked glucans also
determine the extent of enzymatic hydrolysis with amylases.

No enzymes capable of hydrolysing the non-alpha glucans have been
demonstrated in mammalian small intestinal secretions and this group of
polysaccharides is therefore non-digestible (in this context it is proposed that the
term ‘“‘small intestinal digestible” be used to describe components that are
hydrolysed and absorbed in the small intestine and ‘‘digestion’ the process of
hydrolysis and absorption in the small intestine. The term ‘‘apparent
digestibility”” is widely used in animal nutrition to describe the overall
disappearance of nutrients during gastro-intestinal transit as judged by
measurement of faecal excretion: this is the combined effect of small intestinal
digestion and bacterial degradation in the large intestine).

Table 4.2. Alternative classifications of food polysaccharides

Role in the Types of Analytical Sites of Products of Physiological
plant or food polysaccharides classification digestion digestion classification
Storage Starch a-glucans Small Mono and Available
polysaccharides amylose intestine disaccharides  carbohydrates
amylopectin —  (enzymatic)

Fructans e ——
_____ Galactomannans
Structural Non-cellulosic Large Short chain Unavailable
components of pectins intestine fatty acids carbohydrates
the plant cell hemicullose (Microbial) acetate
walls Cellulose propionate
_____ butyrate

Non-a-glucans

Isolated
polysaccharides
Natural Gums Non-starch Carbon
occurring Mucilages polysaccharides dioxide

Pectin Hydrogen

Methane

Polysaccharide Gums
food additives Algal

polysaccharides

Modified

celluloses

Modified

starches

Bacterial

polysaccharides

(xanthan gum)

Dashed line denotes boundaries not absolute.
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Further classification in terms of physical characteristics is of limited value for
several reasons. Many physical properties are shared within the various
groupings so far proposed, particularly in the case of solubility.

Many polysaccharides do not produce true aqueous solutions but sols and this
property is shared by both linear and branched molecules and both alpha- and
beta-linked polymers. Solubility is often pH and ionic strength dependent and,
furthermore, can be dependent on the specific cations present in the solution;
solubility is therefore useful and valid as a criterion for classification only when
the conditions under which it was measured are closely defined. The
classification proposed can be related to physiological properties as is shown in
the Table 4.2. In almost every case it is evident that the boundaries between
observed effects are not absolute and do not correspond precisely.

The fact that the physiological boundaries do not correspond precisely with
classification based on chemical structural grounds has important implications
for the choice of analytical procedures. In addition, the physiological boundaries
are subject to biological variation which imposes additional limitations on the
capacity of an analytical procedure to be consistent with physiological and
nutritional effects. The factors involved in the delineation of these boundaries
are intrinsic, relating to the location and physical state of the polysaccharides in
the food (and therefore may be dependent on the type of processing the food has
received), or extrinsic, depending on the variables associated with the person or
group of people eating the food. Thus the delineation of the physiological
boundary depends on the integration of all these factors. Chemical analysis of
foods can only address some of these factors but for nutritional purposes, the
analytical objective is to produce a value or values that match the physiological
boundary with a high degree of confidence.

Recommendations for Nomenclature for use in the Classification of
Carbohydrates in Nutritional Studies

Polysaccharides. Polymers with 11 or more monosaccharides (including uronic
acid residues, IUPAC).

Starches. Homopolysaccharides from plants made up of «-(1,4):a-(1,6)-linked
glucosyl units.

Non-starch Polysaccharides. Plant polysaccharides that are not a-glucans.*

Plant Cell Walls. The sum of all the structural components present in the plant
cell wall including non-carbohydrate materials, protein, lignin and inorganic
constituents.

* In practice, the delimitation between starch and non-starch polysaccharides is defined by the
conditions of solubilisation and the enzymic hydrolysis. Enzyme resistant starch may therefore
remain in the non-starch polysaccharide fraction, unless special measures are taken to solubilise
such starch before the amylase treatment.
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Plant Cell Wall Polysaccharides. Polysaccharides that are present in foods in the
form of intact cell walls or cell wall fragments.

Associated Substances. Non-carbohydrate components of plant cell walls.
Lignin.t Polymers of phenylpropan laid down in the plant cell wall matrix.

Available Carbohydrates.f Those carbohydrates that can be digested and
absorbed as carbohydrate from the small intestine. The sum of glucose, fructose,
sucrose, lactose, maltose, the malto-oligosaccharides and starches.

Apparently Digestible Carbohydrates. The sum of sugars and polysaccharides
that disappear during transit through the gastro-intestinal tract.

The Definition of Dietary Fibre: A Determinant of
Analytical Strategy

The definition of dietary fibre has been a matter of some confusion because the
original derivation of the term was imprecise and difficult to formalise in a
precise legalistic sense. A precise definition is only necessary for those who need
a rigid framework for action; this includes those who have to enforce regulation
or comply with it. For legislative purposes, therefore, there must be a definition
which in effect will be related to the methods used. Fig. 4.1 summarises the
analytical terminologies that have been used in relation to dietary fibre analysis.

Dietary fibre was used by Hipsley (1953) as a “shorthand” term for the
constituents of the plant cell wall. It was used again by Trowell (1972) to
describe the components of diets that were rich in plant foods where the cell wall
material was present intrinsically in the foods which were therefore relatively
unrefined (Burkitt and Trowell, 1975; Trowell et al., 1985). Therefore the
measurement of dietary fibre, as originally defined, requires the measurement of
the plant cell walls in foods and the diet. The composition of the plant cell wall is
such (Siegel, 1968; Southgate, 1975, 1976a, b, c; Selvendran, 1984) that
measurement of the plant cell wall polysaccharides and lignin provides a good
index. The definition proposed by Trowell et al. (1976) was specifically chosen
so that polysaccharides that were structurally related to the plant cell wall
polysaccharides would be included in the definition because these isolated
polysaccharides were being used experimentally as models for components of
the plant cell wall. More pragmatically the isolated polysaccharides were also
analytically indistinguishable from the corresponding plant cell wall compo-
nents.

+ Materials with some physical characteristics of lignin, i.e. insolubility in 72% sulphuric acid, may
be formed in foods by processing and contribute to “Klason lignin”.

1 When available carbohydrate values are estimated “‘by difference” i.e. by deducting “dietary
fibre” values from total carbohydrate “by difference”, other substances such as sugar alcohols and
undigestible oligosaccharides are included in addition to errors arising from the measurement of
water, protein, fat, dietary fibre and ash.
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Other sugar
Other residues
poly harid Solubl Uronic acids
Non-starch Non-cellulosic fibre Rhamnose
polysaccharides polysaccharides Pectin Arabinose Plant
Total (NSP) (NCP) Xylose cell
dietary Hemicellulose Mannose wall
fibre lubl Gal
(gravimetric) Cellulose Cellulose fibre Glucose
Lignin Lignin Lignin Lignin
Enzymatically resistant starch
Starch

Fig. 4.1. The relationship between the different ways of measuring “dietary fibre”. Broken lines
indicate boundaries that are not absolute. (Modified from Asp and Johansson (1984) and British
Nutrition Foundation (1990)).

Main Features of Analytical Strategies

The Trowell et al. (1976) definition formed the basis for the development of
analytical strategies based on the measurement of dietary fibre as plant cell wall
polysaccharides (and related polysaccharides) plus lignin (Southgate, 1976b, c).
Some principles of dietary fibre analysis are common to most methods now in
use.

The first stage is the removal of sugars and oligosaccharides. This may be
carried out as a separate stage or combined with the removal of starch. Starch is
present in many foods in much higher concentrations than cell wall
polysaccharides and if it is not removed effectively the value for the other
polysaccharides will be inflated. Enzymatic hydrolysis is the approach adopted
in all methods. Different enzyme preparations are used and these determine the
pre-treatment of the samples and hydrolysis conditions.

All amylolytic enzymes require the starch to be partially gelatinised so a
gelatinisation stage is included in the pre-treatment. In some foods, especially
those that have been thermally processed, some parts of the starches become
resistant to enzyme hydrolysis; precise measurement of the plant cell wall
material and non-starch polysaccharides requires that these fractions are treated
to make them hydrolysable. The polysaccharides not hydrolysed by the selected
amylolytic enzymes are usually recovered by precipitation with ethanol by
bringing the concentration to 80% v/v and recovering the polysaccharides either
by filtration or centrifugation. Some polymers are soluble in this strength of
aqueous ethanol and recovery of these requires other techniques (Selvendran
and Du Pont, 1984).

The residual polysaccharides can be measured gravimetrically, although when
this is done separate values for lignin are not obtained without further analysis.
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The residual polysaccharides can be measured gravimetrically, although when
this is done separate values for lignin are not obtained without further analysis.
The residues always contain protein and mineral matter and separate analyses of
these are required; small amounts of other materials such as cutin, suberin and
polyphenolic substances may also be included in the residue.

Other procedures hydrolyse the residue and measure the monosaccharides
-and uronic acids present, thus obtaining the total polysaccharide values by
summation. Klason lignin and permanganate lignin values can be obtained by
gravimetric methods on the residue. Hydrolysis may be sequential, i.e., dilute
acid hydrolysis of the more labile non-cellulosic components followed by
12mol/l hydrolysis, or use the Seaman method, i.e. dispersion in 12 mol/l
sulphuric acid followed by dilution to 0.4-2mol/l and heating. The individual
monosaccharides can be measured after separation by gas-liquid chromatogra-
phy (GLC) after derivatisation, or directly by high-performance liquid
chromatography (HPLC). Values for major classes of monosaccharides or total
monosaccharides can also be obtained colorimetrically.

The various methods differ in their technical details but the principles have a
great deal in common. In view of the emphasis on the plant cell wall in dietary
fibre definitions, an important feature of analytical methods is their ability to
provide an index of the plant cell wall. The direct measurement of plant cell
walls in foods is, however, very time-consuming and two principal analytical
strategies have developed: one is based on the measurement of non-starch
polysaccharides, which are the major components of the plant cell wall; the
second strategy measures the undigestible polysaccharides (non-starch poly-
saccharides plus resistant starch) plus lignin which stems from the physiological
properties of plant cell wall material. The evolution of these two strategies is
discussed in following sections of this chapter.

Implications for the Choice of Analytical Methods for the
Carbohydrates in Foods

This introductory discussion concerns principles because the individual methods
are described below. It is also important to focus on analysis for nutritional
purposes. This can be defined as analysis designed to measure the nutritional
attributes of a foodstuff, or more usually a diet, so that the analytical values
relate to the nutritional effects or consequences when the food, or diet, is eaten.
Analyses undertaken for regulatory purposes have traditionally been concerned
with protecting the consumer with regard to the identity and purity of a
foodstuff. They have only recently become concerned with informing the
consumer about both what a food contains in the way of ingredients and also its
nutritional composition, the primary objective being to enable the consumer to
make an informed choice about his or her diet. Thus nutritional labelling should
give the consumer some information about the nutritional effects that the food
will have when consumed. For example, it will provide so much metabolisable
energy, so much of the different vitamins and minerals, etc. Analyses for
nutritional labelling should therefore be based on the objectives given above.
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Criteria for the Choice of Method: The Conflict Between the
Requirements of Research and Regulation

Although, as argued above, regulatory analyses should be nutritionally relevant,
nevertheless there are areas where the needs of nutritional research on dietary
fibre and regulatory analyses for nutritional labelling diverge and these must be
recognised.

Firstly, for research purposes the method must provide sufficiently detailed
information and should be amenable to extension and modification by the
individual researcher as determined by the needs of the research. This may
demand, for example, complete separation of the non-cellulosic polysaccharides
to understand specific effects in the small intestine. Other characteristics may
seem to be more important, i. e. more predictive than chemical analysis, for
example, viscosity in the study of effects on nutrient absorption, or particle size
for determining extent of fermentation. Thus research demands an open-ended
choice of methods, the time spent on measurement is judged on the capacity of
the results to predict nutritional effects. In some cases a simpler method may
suffice but this is again judged on the predictive value of the results.

A regulatory method, on the other hand, must usually be closely defined so
that any competent worker can perform the method in the same way and obtain
the results that are comparable within the accepted limits of the performance of
the method. The analyst may have to defend the values obtained in a legal
context. In addition the regulatory analysis must be carried out routinely in the
laboratories of food producers who wish, or are required by law, to label their
products. These requirements impose severe constraints on the choice of
method. A time-consuming method will add to the cost of a product and may not
be able to keep pace with production and create delays that further increase
costs. The need for a closely defined protocol for a method has the effect of
favouring a simple, robust method because this is more likely to be performed in
a reproducible fashion.

In any debate about the most appropriate method it is important to recognise
those constraints which do not impinge on the scientific issues of what is the most
conceptually correct technique. Finally, it must be recognised that reliance on a
single analytical technique will not detect systematic analytical bias unless there
exists an absolute standard. This condition is not the case for dietary fibre, nor
indeed for many nutrients, and the ideal is to have two and preferably more
methods using different basic principles that give comparable analytical results.

Development of Crude Fibre, Detergent Fibre and
Enzymatic Methods

The development of gravimetric methods for the measurement of ‘‘undigestible”
fractions of forages, feed and food has taken place over a long period of time.
Very early in the last century attempts were made to measure fibre in feeds after
maceration and extraction with various agents. The analysis of crude fibre by



66 Dietary Fibre — A Component of Food

Food sample (defatted)

1.25 % H, SO, 1NH, SO, Na-laurylsulphate Amylase

‘ 2% CTAB EDTA/Buffer Proteases
1.25 % NaOH (Amylase)
2 hours 1 hour 1 hour 1.6-36 hours

filter, wash, dry, weigh

CRUDE FIBRE ACID DETERGENT NEUTRAL DETERGENT INSOL. FIBRE SOL. FIBRE
FIBRE FIBRE (recovered from
(indigestible residue) filtrate)
Celiulose Pectic substances
Celiulose Cellulose Cellulose Lignin and other soluble
Lignin Lignin Hemicelluloses non-cellulosic
Hemicelluloses (Pectin) polysaccharides

Fig. 4.2. Principles of gravimetric methods and main components measured (CTAB =
cetyltrimethylammonium bromide).

sequential extraction of plant materials with diethyl ether, dilute acid and alkali
goes back to the procedure developed in Weende by Henneberg and Stohmann
(1859).

Nearly 30 years later Stutzer and Isbert (1888) published a study on digestion
of carbohydrates in feed and food by intestinal juices which together with the
studies of Remy (1931) and Williams and Olmstedt (1935) may be considered as
the earliest enzymatic method for the measurement of fibre. All gravimetric
methods described since then, schematically outlined in Fig. 4.2, have evolved
from either of these basic approaches.

Crude Fibre

The Weende crude fibre procedure has found widespread application in the
evaluation of animal feed as an index of the least digestible matter. Its main
advantage is the use of only three cheap and generally available reagents.
However, the simplicity of the method is superficial and reproducibility is only
possible with rigid attention to the protocol. Even so, variable proportions of
lignin and hemicelluloses are solubilised, and the residues contain variable
amounts of nitrogen including Maillard-type artefacts in heated materials.

The severe limitations of the crude fibre procedure were recognised early on,
and they led to the development of many modifications which have been
thoroughly reviewed (Thomas, 1972; Thomas and Elchazly, 1976; Southgate,
1976b, c). Probably the most serious drawback of the crude fibre procedure was
the loss of the majority of the cell wall fractions hemicellulose and lignin due to
solubility in alkali (Thomas, 1972). However, crude fibre methods without an
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alkali step (Kiihl, 1936; Walker and Hepburn, 1955) or using oxidative
conditions (Scharrer and Kiirschner, 1931) did not gain wide acceptance, mainly
because the residues contained too much nitrogen. Thus, the Weende procedure
which appeared as an official AOAC method already in 1916 remained
unchanged in its principles until now (Anonymous, 1990).

Detergent Fibre Methods

With the introduction of detergents, Van Soest (1963a) achieved major progress
in the analysis of feeds, and two standard procedures rapidly gained wide
acceptance, namely an acid detergent fibre (ADF) method (Van Soest, 1963b)
and a neutral detergent fibre (NDF) method (Van Soest and Wine, 1967), as
outlined in Fig. 4.2. Both ADF and NDF residues can be further fractionated so
that separate values for cellulose, insoluble hemicelluloses, lignin, cutin and
silica can be determined (Robertson and Van Soest, 1981).

The detergent in the ADF method reduced the problem of residual nitrogen in
acid fibre residues without compromising the recovery of lignin, and was
therefore advocated for the evaluation of ruminant feed. The milder NDF
method was recommended (Van Soest and Wine, 1967) to measure ‘“‘the
insoluble organic matter indigestible by animal enzymes” in feed for
non-ruminants. This made the NDF method attractive as a rapid measure of
dietary fibre in food, at a time when the measurement of “indigestible residues”
by enzymic gravimetric methods was not very practicable. However, adequate
starch removal by the NDF procedure could only be achieved when
incorporating an enzymatic step for amylolysis (Schaller 1976). A number of
variants including pre-incubation, post-incubation and inclusion of heat-stable
amylases in the NDF reagent have been described for this modification
(Robertson and Van Soest, 1981; Horvath and Robertson, 1986) and are still
being developed (Jeraci and Van Soest, 1990). Amylase-modified NDF
procedures were adopted as official methods for foods by the AACC (AACC
method 32-20) and a few national food authorities (Anonymous, 1982, 1983).

In comparison with the recent enzymatic methods the NDF methods can be
criticised for not measuring soluble polysaccharides, especially the pectic
substances, escaping digestion in the human small intestine. Indeed, soluble
components cannot be at present recovered satisfactorily from the detergent
solution and have to be measured in a separate assay, as discussed below. In the
future this could limit the further use for food analysis of this method which had
been developed originally for feed analysis.

Enzymatic Methods

Until about 10 years ago the enzymatic methods could not successfully compete
with the crude fibre and detergent fibre procedures, although it was well known
that these latter methods measured only parts of the indigestible polysacchar-
ides. The missing parts were erroneously counted as digestible carbohydrates,
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either in the so-called nitrogen-free extract of animal feed or as carbohydrate-
by-difference in human food. However, the older enzymatic methods, which
have been comprehensively reviewed (Asp and Johansson, 1984; Thomas and
Elchazly, 1976), determined only insoluble fibre as indigestible residues and
were more laborious and time-consuming than the simple empirical methods
(Fig. 4.2).

Williams and Olmsted (1935) developed a procedure using enzymes to remove
protein and starch and more recently Hellendoorn et al. (1975) used mammalian
enzymes, pepsin and pancreatin; Hellendoorn (1983) regarded it an advantage
to include also undigestible protein and starch fractions in the dietary fibre, and
preferred the term “indigestible residue’ because it was more explicit. As one of
the first to recognise the importance of fermentation for the physiological
activity of the undigestible residue of food, he expressed the definition of dietary
fibre analytically as ‘“‘the part of the food which is not solubilised after the most
energetic enzymatic treatment”.

The first gravimetric procedures accounting for both insoluble and soluble
parts of dietary fibre (Fig. 4.3) were developed at about the same time but
independently by Furda (1977, 1981), Schweizer and Wiirsch (1979, 1981), and
Asp and Johansson (1981). These authors isolated soluble fibres from the
enzymic digests by precipitation with four volumes of ethanol. It could also be
shown that the insoluble and soluble residues were amenable to detailed
characterisation by acid hydrolysis and analysis of the carbohydrate monomers
(Schweizer and Wiirsch, 1979, 1981; Asp and Johansson, 1981). In principle this
made these procedures the most complete of gravimetric methods allowing the
determination of a global total fibre value and of separate values for insoluble

Asp et al. 1983 AOAC
Prosky et al. 1988

Schweizer et al. 1988

AOAC modified
Lee et al. 1992

Sample 1¢* 19* 1g*

Buffer
Enzyme step 1

pH adjustment
Enzyme step 2

pH adjustment
Enzyme step 3

pH adjustment
Alcohol precipita-
tion with 4 vol
95% ethanol**
Volume required

Filtering aid

Protein correction
Ash correction

Na-phosphate pH 6

Termamyl 100°C, 15’

to pH 1.5
Pepsin 40°C, 60’

to pH 6.8
Pancreatin 40°C, 60’

\
to pH 4.5
400 mi
Celite 545

N x 6.25 (optional)
Incineration 525°C

Na-phosphatt pH 6
Termamyl 100°C, 15 (-30)’

topH 7.5
Protease 60°C, 30’

to pH 4.0-4.6
Amyloglucosidase 60°C, 30’

280 mi

Celite 545

N x 6.25
Incineration 525°C

M
MES/TRIS pH 8.2
Termamyl 95-100°C, 35’
Protease 60°C, 30’

to pH 4.1-4.7
Amyloglucosidase 60°C, 30’

225mi

Celite

N x 6.25
Incineration 525°C

Smaller samples can be analysed if samples are difficult to filter

The enzyme digest can be filtered before the alcohol precipitation to recover insoluble fibre separately.

The soluble fibre is then precipitated from the filtrate and recovered in a separate filtration. Alternatively,

soluble fibre can be obtained as the difference between total and insoluble fibre as approved by the AOAC.

Fig. 4.3. Main steps and comparison of enzymaticl-gravimetric methods.
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and soluble parts, with the options of getting their detailed chemical composition
and of measuring physiologically relevant physical properties (Schweizer et al.,
1983).

Subsequent efforts of Asp, Furda and Schweizer were mainly directed towards
making these methods more precise, robust, fast and reproducible, and hence
suitable for routine analysis.

The Method of Asp et al.

The development of the Hellendoorn method by Asp et al. (1983) led to the
shortening of incubation times and a practicable way of separating the dietary
fibre, i.e. filtration through glass crucibles with Celite as a filtering aid (Fig. 4.3).
Ultrafiltration and dialysis for recovery of the soluble components were
considered too slow, although these techniques have been successfully applied
by Meuser et al. (1983) and Arrigoni et al. (1984), respectively. In order to make
the starch removal more rapid and complete, the heat stable amylase
Termamyl® was used in the gelatinisation step, as introduced earlier by
Theander and Aman (1979). The sequential treatment with amylase—
protease—amylase would also be expected to facilitate the hydrolysis of starch
that might initially be encapsulated in, for example, cell structures.

The appearance of inorganic material especially due to co-precipitation in the
alcohol precipitation step was recognised early and subject to thorough studies
by Schweizer et al. (1984) and Frélich et al. (1984). Incineration of the residue is
a pragmatic way to correct for this ash. Correction for protein (Kjeldahl nitrogen
X 6.25) associated with the residue was left optional by Asp et al. (1983), but is
generally applied to obtain dietary fibre estimates compatible with the
requirements of component analysis.

The AOAC Method

The AOAC method for total dietary fibre (TDF; Prosky et al., 1984, 1985) was
developed from the joint experience of Asp, Furda and Schweizer. The method
was finally approved by the AOAC in November 1985 after two collaborative
studies (see below). The initial gelatinisation/Termamyl step and the filtration
with Celite were adopted from the method of Asp et al. (1983), whereas the
enzymes of Furda (1977, 1981) were used. Slight modifications regarding buffer
strength and pH adjustment were introduced in a later version tested in the
Swiss collaborative study (Schweizer et al., 1988) and also adopted by the
AOAC (Prosky et al., 1988). The main steps of the AOAC method and the
method of Asp et al. are shown in Fig. 4.3. :

In addition to the AOAC approval, the method obtained official status in
Switzerland, Germany and in the Nordic countries. In the Netherlands a method
similar to that of Asp et al. (1983) with mammalian enzymes is approved.

Lee and Hicks (1990) developed a further simplified version of the AOAC
method, involving replacement of the initial phosphate buffer with a MES/TRIS
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(2(N-morpholino)ethanesulphonic acid/tris hydroxymethyl aminomethane) buf-
fer to diminish co-precipitation, elimination of one pH adjustment and some
further reduction in volumes.

The Various Steps in Enzymatic Gravimetric Methods

Sample Preparation

A simple extraction of the bulk of the fat with petroleum spirit is recommended
in the AOAC method when the fat content is more than 5% (first version) or
10% (second version) on a dry matter basis. Asp et al. (1983) showed that mixed
diets with up to 20% fat could be analysed without fat extraction. The exact limit
above which fat extraction is necessary cannot be given since it depends on the
nature of the samples. Residues of fat are removed by the alcohol and acetone
washings of the fibre residues after filtration. In the Swiss version of the AOAC
method an additional washing with petroleum ether is prescribed because the
initial fat removal is not considered necessary for samples which can be milled
without it. This eliminates a possible source of error.

Milling to particle size <0.5mm is recommended after fat extraction if
necessary. In samples which are difficult to mill particle size <l mm may be
acceptable.

Starch gelatinisation close to 100°C in the presence of Termamyl is preferable
to autoclaving for two reasons: it diminishes the risk of (1) retrogradation of
starch at cooling, and (2) degradation of heat-labile dietary fibre poly-
saccharides. Using this procedure, Asp et al. (1983) found only traces of starch
in the fibre residues of starch-rich materials such as uncooked wheat flour.

Resistant Starch

When analysing bread, Johansson et al. (1984) found higher dietary fibre values
both in the crust and crumb than expected from the raw materials. This was due
to the formation of resistant starch as originally defined by Englyst et al. (1982),
i.e. a starch fraction available to amylase degradation only after solubilisation in
2mol/l potassium hydroxide (KOH) or dimethylsulphoxide (DMSO). Some of
the starch in the fibre residues was available to glucoamylase without
solubilisation and referred to as residual starch. Prolonged baking, storage at
room temperature or freezing did not influence the level of resistant starch
(Siljestrom and Asp, 1985), and there is no published evidence from studies
using the AOAC method that the sample preparation would generate resistant
starch. The contribution of resistant starch can be determined by starch analysis
of the gravimetric fibre residue.

The resistant starch in the gravimetric residue is mainly retrograded amylose
(Berry et al., 1988; Siljestrom et al., 1989; Sievert and Pomeranz, 1989; Sievert
etal., 1991). It is resistant to degradation in the small intestine of rats (Bjorck et
al., 1986) and man (Englyst and Cummings, 1985, 1987, 1988; Schweizer et al.,
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1990), and constitutes a major fraction of the total malabsorbed starch in foods,
such as bread, cornflakes and beans, but not in cooked potatoes and green
unripe bananas.

Protein Degradation

The originally very acid pH of around 1 suggested by Hellendoorn et al. (1975)
was changed to 1.5 in the methods using mammalian enzymes. With the short
incubation time used at this pH, there was no evidence of losses of acid-labile
dietary fibre components (Asp et al., 1983). Nevertheless, the AOAC method
employed a neutral protease mainly to avoid the risk of such losses.

Complete removal of protein is not achieved, but part of the residual protein
is cell wall material which some have considered as a component of the dietary
fibre complex (Saunders and Betschart, 1980; Trowell, 1988).

The protein correction with Kjeldahl nitrogen X 6.25 is arbitrary, since the
exact conversion factor is not known. In samples such as protein concentrates or
isolates, in which most of the residue is protein, or samples containing
aminopolysaccharides the use of a standard factor may introduce an error. On
the other hand, routine GLC methods for dietary fibre analysis do not account
for aminosugars. In analysis of most foods and diets, the error introduced by the
protein correction is insignificant. Maillard reaction products, that retain most of
their nitrogen content even in advanced stages (Theander, 1987) generally do
not contribute to gravimetric dietary fibre estimates corrected for protein
(Siljestrom et al., 1986) although they may contribute to Klason lignin
(Theander, 1987).

Recently Nishimune et al. (1991) published TDF values for 231 Japanese
foods and 21 groups of mixed foods. A few minor modifications of the AOAC
method were introduced for some foods. Thus analysis of undigestible protein in
animal foods was performed with the Biuret colorimetric method to avoid
deducting the values for aminopolysaccharides. Shrimps (without shell) were
reported to have 5.5% TDF (wet weight basis) with this method. An extra
pepsin step was introduced to diminish the protein correction when analysing
animal foods.

Alcohol Precipitation

Addition of four volumes of 95% ethanol yields a final ethanol concentration of
78% . Increase of the ethanol concentration to 85% did not increase the yield of
soluble fibre. Ethanol concentrations around 80% are used in all dietary fibre
methods for recovery of soluble fibre and are generally regarded to precipitate
saccharides with a degree of polymerisation (DP) of 10 or more. As mentioned
above, highly branched polysaccharides may be soluble at considerably higher
DP, as is the case with, for example, arabinans in sugar beet fibre (Asp, 1990). It
has also been shown for maltodextrins that about 40% of DP 10 and still 20% of
DP 11 were not precipitated from an aqueous solution by four volumes of pure
ethanol. Conversely, lower DPs were not totally soluble (Schweizer and
Reimann, 1982).
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Polydextrose is not measured as dietary fibre, because most of it is soluble in
80% ethanol. However, it can be measured by HPLC after starch degradation
with Termamyl and amyloglucosidase according to the AOAC method
(Kobayashi et al., 1989).

Correction for Minerals

Correction for minerals associated with the dietary fibre or co-precipitated is
carried out by incineration. The organic part of phytic acid, that is recovered
mainly in the soluble fraction, will give a small but usually insignificant
contribution. Some caution is needed when analysing materials high in organic
acids (such as oxalic acid) that may co-precipitate. Whenever such co-
precipitation is suspected, the assay should be repeated after extraction of such
compounds.

Comparison of Methods

The method of Asp et al. (1983) and the AOAC method have been repeatedly
shown to give similar values for total dietary fibre (Asp, 1986, 1990).
Advantages with the AOAC method are smaller volumes and shorter incubation
times. The modifications of Lee and Hicks (1990) and Lee et al. (1992) imply
further simplifications. The less expensive and more generally available
physiological enzymes are an advantage of the method of Asp et al.

In both raw and variously processed wheat samples the total fibre assayed
according to Asp et al. agreed very well with values according to the Uppsala
Method C (Siljestrém et al. 1986). Theander et al. (1990), however, reported
lower values with the Uppsala method in some samples. When gravimetric
residues from cereals (Nyman et al., 1984), and vegetables (Nyman et al., 1987)
have been analysed with GLC according to the Uppsala methodology, recovery
figures are generally close to 100%. Lower recoveries are obtained for some
materials and can be due to incomplete hydrolysis as for Sterculia gum (Nyman
and Asp, 1985) or residues of tannins (Saura-Calixto, 1988).

Other Current Gravimetric Methods

This section on gravimetric methods would be incomplete without an assessment
of the so-called plant cell wall methods. Most of these methods were not
designed for food analysis in a nutritional context, but rather aimed at obtaining
highly purified cell wall preparations for biochemical studies (Selvendran et al.,
1987). The analytical schemes are usually time-consuming and delicate, not
adapted to mixed and processed foods, and may not include soluble fibre
components. Recently, a new method for measuring cell walls in foods has been
proposed which addresses the above difficulties (Brillouet et al., 1988). The
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scheme provides cell wall residues after removal of protein with protease and
detergent, and of starch with dimethylsulphoxide and amylases. Soluble fibres
are recovered from the combined proteolysis and amylolysis liquors after dialysis
and analysed by GLC and colorimetry. Unfortunately, the authors had to
conclude that this part of the procedure was not satisfactory.

Recently, two other gravimetric methods have been proposed claiming
conceptual and practical advantages, especially for the purpose of routine
analysis and labelling (Mongeau and Brassard, 1986; Jeraci et al., 1989).
Mongeau and Brassard (1986) revived the NDF procedure and combined it with
a separate determination of hot water-soluble (SOL) fibre. The values for NDF
+ SOL are claimed to be in agreement with the TDF measured by the AOAC
method. However, performing the analysis of insoluble and soluble fibre on two
different samples and under different solubilisation conditions is conceptually
unsatisfactory because of the inherent risk of analysing some components twice
or not at all. A further disadvantage is that separate analysis of insoluble and
soluble fibres is obligatory, without being necessarily meaningful. The urea
enzymatic dialysis method of Jeraci et al. (1989) is based on starch and protein
solubilisation with 8 mol/l urea in a dialysis tube, addition of bacterial amylase
and protease, followed by in situ dialysis and recovery of dietary fibre residue
precipitated with ethanol. The main advantages over the AOAC method
described by thee authors of this new approach were improved starch removal,
smaller ash and protein corrections, no heat exposure of the samples and less
reagents needed. The method has also been proposed for separate determin-
ation of insoluble and soluble fibre (Jeraci et al. 1990). It remains to be seen
whether the handling of dialysis tubings will not be an obstacle in collaborative
studies.

The Southgate Method for Unavailable Carbohydrates

During the analytical work for the preparation of the third edition of The
Composition of Foods (McCance and Widdowson, 1960) W.I.M. Holman and
D.A.T. Southgate made some methodological studies on the measurement of
the sugars and starches in foods in an effort to apply some newer techniques to
the measurement of available carbohydrate values for inclusion in the new
edition. Alongside this work Southgate also began to review the developing
analytical literature on the polysaccharide components of the plant cell wall and
in the summer of 1959 began experimental work in connection with the
experimental re-evaluation of the calorie conversion factors for mixed diets
(Durnin, 1961; Southgate, 1961; Southgate and Durnin, 1970). In these studies it
was desirable to be able to measure all the energy yielding components in the
diet and especially important to have sound estimates of both available and
unavailable carbohydrates because of the controversy relating to the use of the
Atwater factors (Maynard, 1944; Widdowson, 1955).

On the basis of studies of the techniques in use at that time (Southgate, 1981)
it was decided to follow McCance and Widdowson’s principles and seek to
measure the available and unavailable carbohydrates directly as carbohydrate. It
was also desirable to analyse the components sequentially on the same analytical
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sample to avoid both double-counting and missing fractions. In the present
context only the methods for unavailable carbohydrates are directly relevant but
the extraction of sugars and hydrolysis of starch need to be considered. A
detailed account and critique of the method was published in James and
Theander (1981) and these details need not be repeated here.

Principles

The free sugars and oligosaccharides were extracted from the sample of mixed
diet, food or faeces with hot aqueous methanol (85% v/v) and the
alcohol-insoluble residue further extracted with diethyl ether and allowed to dry
in air. The air-dried residue was used for the measurement of starch and the
unavailable carbohydrates. The boundary between the polysaccharides hydro-
lysed in the small and the large intestine was taken as hydrolysis with a
Takadiastase preparation (Parke Davis; Takadiastase for analysis on talc) in
acetate buffer. The unhydrolysed polysaccharides were recovered by precipi-
tation with ethanol (4 vols) and dried with acetone. The residue was then heated
with 1 mol/l sulphuric acid at 100°C for 2.5 hours. The hydrolysate was filtered
or centrifuged and the filtrate used for the analysis of the components of the
non-cellulosic polysaccharides; the residue was dispersed in 12mol/l sulphuric
acid and left overnight at 0—4°C, rapidly diluted and filtered. The filtrate was
analysed for sugars and the residue filtered off, washed, dried and weighed as a
measure of lignin. Hexoses were measured by the anthrone method (Roe, 1955),
pentoses by the method of Albaum and Umbreit (1947) and uronic acids by the
carbazole reaction (initially Dische, 1955; later Bitter and Muir, 1962).

Performance

The procedure was time-consuming and the manipulations required skill and
practice, especially the colorimetric methods using strong acid which are difficult
to automate and prone to interference from organic dust material. However,
with training several laboratories achieved satisfactory within-laboratory results
especially if they adopted regular use of in-house reference materials and
suitable quality assurance procedures (Southgate, 1987). In collaborative studies
performance was not satisfactory primarily because a new protocol was
introduced without proper testing and because the conditions of the study did
not permit a pre-trial test sample. In addition several modifications that had not
been evaluated were introduced.

Comparisons with the detergent fibre procedures showed that these
underestimated unavailable carbohydrates and that some gravimetric proce-
dures for indigestible material gave higher values (Greenberg, 1976).
Comparisons with the non-starch polysaccharide procedures of Englyst (Englyst
et al., 1982) showed that in processed cereal foods the Southgate method gave
higher values because of the inclusion of undigested starch and lignin. In foods
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where these two components are not present agreement was usually good
(Southgate and Englyst, 1985). It should be remembered that the original
Southgate method (1969b) was designed to measure unavailable carbohydrates,
as defined by McCance and Lawrence (1929), not NSP, so this difference should
be expected in the light of current knowledge about the extent of starch
digestion in the small intestine.

Limitations

The major limitation of the procedure as originally described was the reliance on
colorimetric procedures that were only semi-specific and in addition were
technically exacting and relatively non-robust. The delineation of the boundary
between starch and the unavailable “small intestinal indigestible” polysacchar-
ides using Takadiastase is subject to the same criticism as the choice of any in
vitro system using any combination of enzymes.

The Southgate method was concerned with the measurement of ‘“‘unavailable
carbohydrates”, i.e. those polysaccharides that are not hydrolysed and absorbed
in the small intestine, and therefore to exclude starch which was considered an
available carbohydrate. The non-carbohydrate lignin was included in this
grouping as originally defined.

Analysis of Individual Components of Dietary Fibre

A meeting in 1977 organised by the EEC and the International Agency for
Research on Cancer (WHO) in Lyon marked the starting point for efforts to
introduce more modern and informative analytical methods in the field of
dietary fibre (Theander and James, 1979). In 1979 a GLC method for the
characterisation of gravimetrically determined insoluble and soluble dietary
fibre residues was published (Schweizer and Wiirsch, 1979) which combined
advantages of the procedures of Hellendoorn et al. (1975) and Southgate
(1969b). In the same year the carbohydrate group in Uppsala published a gas
chromatographic method (GLC) for the analysis and characterisation of dietary
fibre (DF) as the sum of polysaccharides and Klason lignin after starch removal
(Theander and Aman, 1979). The latest modification of this GLC method was
recently presented at a meeting in Dallas as the Uppsala method for rapid
analysis and characterisation of individual constituents of DF (Theander et al.
1990).

The method of Englyst (Southgate et al., 1978; Englyst, 1981) was originally
based upon that of Southgate (1969b), GLC replacing the colorimetric methods
for determination of neutral sugar constituents. This method has also undergone
a number of developments described below, and a colorimetric variant was
published (Englyst and Hudson, 1987) for routine analysis. Both the original
Uppsala method and the first Englyst method were used to determine the DF
content in different types of food samples in a collaborative study presented in
Cambridge in 1978 (James and Theander, 1981).
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The effective heat-stable amylase (Termamyl) step developed in Uppsala for
enzymatic removal of starch without degrading the fibre polysaccharides has
been incorporated into gravimetric methods for determination of DF (Asp et al.,
1983; Prosky et al., 1984) and also in the latest version of the Englyst method
(Englyst and Cummings, 1990).

To determine pectic substances, a stoichiometric decarboxylation for the
determination of uronic acid residues was introduced in the Uppsala method,
whereas Englyst used a colorimetric assay with a 3,5-dimethylphenol reagent
(Scott, 1979).

A brief summary on problems related to specific analysis of dietary fibre
components is given below. For more details, the reader is referred to James and
Theander (1981), Englyst and Cummings (1984, 1988, 1990), Theander and
Westerlund (1986a, b) and Theander et al. (1990). An extensive publication by
Selvendran et al. (1989) dealing with methods for analysis of DF is also
recommended. The main steps of the most recent versions of the Uppsala
method and the Englyst method are summarised and compared in Table 4.3.

Determination and Chemical Characterisation of Total Dietary
Fibre by the Uppsala Methodology

The principles for the analysis of total DF and individual DF components by the
Uppsala method (Theander et al., 1990) are presented in Fig. 4.4.
Representative samples of dry materials are ground to pass a 0.5mm screen,
whereas samples with higher water contents are freeze-dried and then ground,
or homogenised directly. If samples contain more than 6% fat pre-extraction
with petroleum ether is recommended.

Starch is removed by incubations with a thermostable «-amylase (Termamyl)
and amyloglucosidase. This enzyme system has proved to be very effective for
various types of starch containing fibre sources and products. The Termamyl-
enzyme incubation in a boiling water bath causes simultaneous gelatinisation
and hydrolysis of the starch. However, retrograded amylose (‘“‘resistant starch’”)
is not removed unless it is first solubilised with alkali or DMSO.

It is imperative that the enzymes used for starch degradation are free from
fibre-degrading activity. Unfortunately it would appear that many commercial
amyloglucosidase preparations at present have, for example, f-glucanase
activity and will thus give low values for the fibre contents in, for example, cereal
samples. All enzyme batches should therefore be checked for such activities
prior to use for fibre analysis.

After the completion of enzymic removal of starch, soluble fibres are
precipitated with 80% ethanol and the DF residue containing soluble as well as
insoluble fibres is obtained by centrifugation (Fig. 4.4). The content of neutral
DF polysaccharides is then determined by GLC, after acid hydrolysis and
preparation of alditol acetates. So far, uronic acids are determined on a separate
sample of the original material using the decarboxylation procedure (Theander
and Aman, 1979). As an alternative a simpler method (Scott, 1979) for
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SAMPLE

250-500 mg dry matter

TREATMENT ANALYSIS
Grinding or homogenisation

| Uronic acids by decarboxylation
(Alternative 1)

Removal of starch:

Incubation with Termamy! (pH 5.0, 0.5 hours
boiling waterbath ) and amyloglucosidase
(16 hours, 60°C)

Precipitation of soluble DF:
Addition of 4 vol abs ethanol and
centrifugation

RESIDUE
Acid hydrolysis
(1) 12mol/Il sto4 (1 hour, 30°C)
(2) 0.4mol/l sto‘ (1 hour, 125°C)
[~ Klason lignin gravimetrically

- Neutral polysaccharide
constituents using GLC

“ Uronic acids colorimetrically
(Alternative 2)

Fig. 4.4. Rapid analysis of dietary fibre by the Uppsala method.

colorimetric determination of uronic acids (in the hydrolysate) will probably be
used in future studies (Table 4.3).

The lignin content is measured gravimetrically as Klason (sulphuric acid)
lignin, obtained after acid treatment and ashing of the insoluble residue. The
Uppsala method has been applied to a number of divergent samples, including
foods, feeds, digesta and faeces, and a skilled analyst can run over 40 samples
per week by this improved procedure. During 1991 the method will be evaluated
for various types of fibre sources (cereals, vegetables and fruits) in a
collaborative AOAC study, in which O. Theander is an associated referee. In
connection with this a detailed manual of the method will be published.

Another more rapid modification has also been published (Method B,
Theander and Aman 1982) which is suitable when dealing with samples with low
contents of starch. It is based on removal of 80% ethanol extractives followed by
direct analysis of the DF constituents in the manner described above. The DF
glucan content is obtained as the difference between the total glucan content
(determined by GLC) and the starch content which is analysed enzymically.
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Analysis and Characterisation of Soluble and Insoluble Dietary
Fibre

DF includes a mixture of water-soluble and insoluble components mainly from
cell wall materials, but there is no sharp borderline between the two categories.
The yield of the respective fraction can vary considerably with the fractionation
conditions used (physical pre-treatment, enzymatic treatment, temperature,
time and pH). Thus recent studies (Schweizer and Wiirsch, 1979; Englyst et al.,
1982, Englyst, 1985; Graham et al., 1988; Marlett et al., 1989; Englyst and
Cummings, 1990) have shown that the yield and composition of soluble fibres
were very dependent on the extraction conditions used.

The first GLC method for analysis of DF by the Uppsala group (Method A)
was based on separate analysis of soluble and insoluble DF constituents
(Theander and Aman, 1979). After removal of 80% ethanolic extractives and of
starch enzymatically, the soluble fibre fraction was isolated by dialysis and the
insoluble one by centrifugation. The fractions were then analysed for the content
of DF essentially as described above for the Uppsala method. This method has
been used in two collaborative studies (Theander and Aman, 1981; Varo et al.,
1983). At present a more rapid method for routine analysis of soluble fibre is
under development. In this method it is a keypoint to reach as complete a
recovery as possible of soluble fibre components when these are precipitated by
80% (v/v) ethanol. It has been previously shown (Theander and Westerlund,
1986a) that such losses did not exceed 3% of the total DF polysaccharides for
samples of wheat flour, raw potato, carrot and wheat bran. Recently in a
detailed study using gel filtration (Theander et al., 1990) of the ethanolic
supernatant, the polysaccharide fraction (DP > 10) escaping precipitation was
analysed in various foods. The amounts of soluble fibre polysaccharides not
recovered were low, corresponding to 1%—6% of the total fibre content of the
original sample. The highest values were found for the most severely
heat-treated sample (bread crust). This indicates that the solubility of DF
polysaccharides may be changed by thermal treatment, for instance by
depolymerisation as shown previously for cereals (Siljestrom et al., 1989;
Westerlund et al., 1989).

Main Features of the Method of Englyst et al.

The method of Englyst et al. (Southgate et al., 1978; Englyst, 1981; Englyst et
al., 1982; Englyst and Cummings, 1984, 1988, 1990) for determination of
non-starch polysaccharides (NSP) emerged from the Southgate method
(Southgate, 1969b), using GLC for specific determination of neutral sugar
constituents. Colorimetric methods are used for uronic acids, originally carbazol
(Englyst, 1981) and in later versions a Scott type procedure (3,5-
dimethylphenol). Lignin is not determined (Fig. 4.5).

In the version of Englyst et al. (1982), three parallel samples were analysed for
determination of total NSP, insoluble NSP and cellulose, respectively. Soluble
NSP is calculated as the difference between total and insoluble NSP. The



Dietary Fibre — A Component of Food

80

pIepuej)s pide dluoInjoeen)
[ouayd[Ayjourp-g‘c

IeSns yoea 10j S10308]
UOT}031100 pIepue)s [enplAIpu] ()
UOTJBSTIBALISP
pasA[eses sjozeprulAyISN-1 (€)

yieq 19em
urroq moy | ‘yrow g 03 wonniiq (7)
moy [ ‘D, S€ “OSTH 1ow Z1 (1)
yieq 133em
urpioq urw o + D, 05 ‘INOY )
sseue[nfind + unesmued (¢)
Yieq
193em Surroq ‘uru O] ‘[Awrewrin], (7)
yieq 1o3em Surpioq ‘Inoys'Q
OSIWA (1)

pIepuejs pioe dluoInonin
TouaydjAyowp-g‘¢

asouweyI
10J UOIIDAII0I X T ‘6°0 £Qq SISSO]
sIsA[oIpAY 10] UONd9110d aferaAy ()
UON)BSIBALISP
pasATeied sjozeprurAysN-T (€)
Surjo0o
1913 (9s0[[e) pIepue)s [BUISUI
Jo uonIppy "yieq 1arem Jurfioq
SInoy ¢-z—¢ ‘ow g° o3 wonnpiq (7)
SIOY 67" 1T ‘0, §€ ‘YOSCH 11ow z1 (1)

Do TP ‘SINOYGT-9]
sseuenpnd + uneanued ()
yieq 193em Jurqioq “moy |

OSWda (1)

piepueis poe diuoIndnjH
JousydiAysounp-¢‘g

asouwreyl
10J UOT}031I03 X T “6°0 AQ S3SSO[

SISA[0IPAY 10J uoN291100 98e1oAY (§)

uonejA199e a10yaq Sulkig (g)

qieq

I191em urfioq ‘sinoy g ‘(JojsouroAw

pue [0JUY1AI5) pappe plepue)s
[euwrdyu] “y/jow y°1 03 wonni ()
SIOY 6711 ‘D0 $€ OSTH VoW ZL (1)

Do T ‘SIOY 8191
sseuenpind + asejwe-» oneanued (7)

yieq 19)eM Surpioq ‘moy |
(OSIQ) sprxoydinsiAyoui (1)

UONBUTULIS}P
pIOE d1UOIN)

s1eSns
[e1Inau jo sisA[euy

[eAOWIAT Y2IB)S

(0661 ‘sSuruun)) pue 1sA[Fug
Aq paqudsap se spoyiow) A JIVIN

(qL86T *°18 12 1s418um) ITT IAVIN

(eL861 “'Te 32 3s418uq) I1 AAVIN

(HAVIN)

POO,] pue SOLIAYSL ‘aImnouSy Jo ANSIUI 3y} £q SIIPNIS SAIIRIOQER[J0 SNOLIBA UI pasn “[e 33 1sK[Sug Jo poyowt DO Y3 ur sdals Jo SUONEIFIPO “b°p dqeL



Dietary Fibre Analysis 81

50-300 mg sample
DMSO-solubilisation
Starch hydrolysis
(Termamyl, pancreatin, pullulanase)
Ethanol precipitation*

and centrifugation

Acid hydrolysis
12mol/I H2804 + 2mol/l HzSQ;

GLC COLORIMETRY

Neutral sugars Uronic acids
Dinitrosalicylate

Derivatisation Dimethylphenol reagent for reducing
to alditol reaction surgars
acetates l l
GLC determination Colorimetric Colorimetric
of individual sugars determination determination

* To determine insoluble fibre, this step is replaced by extraction at 100°C, 30 min at pH 7.0.
Soluble fibre is calculated as the difference between total and insoluble fibre.

Fig. 4.5. Main steps of the Englyst method for dietary fibre determination (Englyst and Cummings,
1990)

insoluble NSP is prepared by extraction with a phosphate buffer pH 7 at 100 °C.
Direct determination of soluble fibre has not been reported.

The method uses a relatively small sample (50-300 mg) with the advantage
that it is essentially a one tube procedure. On the other hand, this requires a very
homogeneous sample milled to small particles.

As shown in Table 4.3, there are many similarities between the most recent
modifications of the Uppsala method and the Englyst method for total dietary
fibre determination, but also significant differences. The different modifications
of the Englyst method regarding starch removal and hydrolysis/derivatisation
are shown in Table 4.4.

A most important difference is the solubilisation of “‘resistant starch” (Englyst
et al. 1982) with DMSO. The use of DMSO can be expected to increase the
solubility of DF, since this reagent is a solvent for hemicellulose polysaccharides
(Hagglund et al., 1956; Gruppen et al., 1991). The possibility that DMSO
influences the recovery of dissolved polysaccharides by the ethanol precipitation
must also be considered. However, Englyst and Cummings (1984) found that
DMSO did not significantly reduce the values for NSP as used in their method.

The hydrolysis of starch was originally carried out with overnight incubations
with a mixture of pancreatic amylase and pullulanase. In the latest version
(Englyst and Cummings, 1990) a Termamyl step at 100 °C was adopted, allowing
shortening of the amylase treatment to less than 1 hour. The Englyst method
uses Seaman hydrolysis with 12 mol/l sulphuric acid to disperse the cellulose,
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with conditions similar to those of the Uppsala method. The final hydrolysis is
carried out in 2mol/] sulphuric acid in a boiling waterbath for 1 hour, whereas
the Uppsala method uses 0.4 mol/l acid for 1 hour at 125°C.

In the analysis of the neutral sugar composition with GLC it is important to
use correction factors for each neutral sugar constituent in order to correct for
hydrolytic losses, derivatisation yields and GLC-response (Theander and
Westerlund, 1986a; Theander et al., 1990). An internal standard that is resistant
to acidic treatment, such as myo-inositol used in the Uppsala method and in the
earlier versions of the Englyst method (Englyst, 1981, Englyst et al., 1987a), can
be added before the hydrolysis step, which is advantageous. The most recent
modifications of the Englyst method (Englyst et al., 1987b; Englyst and
Cummings, 1990) employ D-allose added after hydrolysis as standard. Phytic
acid which is present in significant amounts in various foods has been shown to
give no traces of free myo-inositol during the hydrolysis conditions used in the
Uppsala method. Originally hydrolysis losses were supposed to correspond to
about 10% (Englyst et al., 1982) but in the latest version of the method
individual correction factors have finally been introduced for the various neutral
sugar monomers (instructions for the MAFF IV study, 1989).

A simplified version of the Englyst method using colorimetric determination
of reducing sugars with dinitrosalicylate (Englyst and Hudson, 1987) was
introduced as an alternative for NSP determination when information on the
monomeric composition is not required. The method has been tested
collaboratively and compared with the original GLC approach (Englyst et al.,
1987b) as reported below.

Alternatives for the Determination of Dietary Fibre Constituents

Analysis of Neutral DF Constituents

As discussed above, determination of neutral DF polysaccharides is generally
based on acid hydrolysis of polysaccharides and subsequent GLC analysis of
monosaccharides released.

Acid hydrolysis of insoluble fibre polysaccharides requires a two-step
procedure involving treatment with 12 mol/l sulphuric acid and post-hydrolysis
with dilute acid, particularly because of crystalline cellulose. It is important that
the conditions used are sufficiently rigorous to effect complete hydrolysis of the
polysaccharides, and sulphate ester groups formed during treatment with
12 mol/l sulphuric acid must be hydrolysed by the post-hydrolysis step (Theander
and Westerlund, 1986a). The effect of particle size and pre-hydrolysis time to
achieve optimum hydrolysis yield has recently been investigated (Hoebler et al.,
1989). On the other hand, soluble fibre polysaccharides can be hydrolysed
directly by dilute sulphuric acid or trifluoroacetic acid.

The monosaccharides in the acid hydrolysates may be quantified by GLC or
HPLC. So far GLC, particularly on capillary columns, is recommended for
efficient separation and accurate determination of the monosaccharides. The
monosaccharides are usually converted to volatile alditol acetate derivatives
before quantification by GLC but other derivatives have also been used with
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success (Schweizer and Wiirsch, 1979, 1981; Neeser and Schweizer, 1984). The
use of 1-methylimidazole as a powerful catalyst of acetylation was introduced by
Connors and Pandit (1978). This technique, modified by Englyst and Cummings
in 1984, has proved to be very valuable and is in use in several procedures,
including analysis of DF with the Uppsala method and the Englyst method. As a
result derivatisation becomes much faster and easier and can be performed in
the presence of borate without interference. Correction factors covering
hydrolysis losses, derivatisation yields, and GLC responses for the individual
sugars are necessary for accurate quantification and these are determined by
subjecting reference sugar mixtures to similar treatment as the DF samples
(Theander and Westerlund, 1986a). Due to differences in columns as well as
aging of columns, the correction factors may change and should therefore be
re-checked regularly. It is also recommended to analyse a standard fibre sample
regularly to check the reproducibility of the method. For instance, eight totally
independent analyses of purified cotton linter were found to give an average
cellulose content of 99.0% (SD 1.3) and a xylan content of 0.25% (Theander et
al., 1990).

Recently a procedure for direct acetylation of aldoses in the acidic hydrolysate
(without previous reduction) has been developed (Hamiliinen et al., 1990). So
far this procedure has only been tested on a limited number of samples but the
agreement is good compared with the Uppsala method.

HPLC offers an alternative procedure for analysis of aldoses in polysaccharide
hydrolysates, but has not so far proved to be as powerful a technique as GLC.
Comprehensive reviews on HPLC with various applications in the carbohydrate
field have been published (Honda, 1984; Hicks, 1988; Lee, 1990) and the use of
amperometric determination of monosaccharides seems promising (Lee, 1990).
An advantage with using HPLC for analysis of monosaccharides compared with
GLC is that preparation of derivatives is not required.

Determination of Uronic Acid Constituents

Analysis of uronic acids by GLC is more difficult than of neutral sugar
constituents. The release of these acids in acceptable yields from the polymers is
complicated by the high stability of glycosyl uronic acid linkages towards acid
hydrolysis, resulting in formation of aldobiuronic acids. Further, the monomeric
uronic acids are more rapidly degraded to non-carbohydrate products than the
neutral sugars under the acidic conditions prevailing. Several workers in the DF
field have, therefore, used colorimetric assays (Bitter and Muir, 1962;
Blumenkrantz and Asboe-Hansen, 1973; Scott, 1979). A common disadvantage
with colorimetric methods is the sensitivity to the reaction conditions, and the
interference from other compounds such as, for example, neutral sugars,
proteins, and phenols. The introduction of 3,5-dimethylphenol by Scott (1979)
who also compared the use of different phenol derivatives for colorimetric
determination of uronic acids in plant materials, offers certain advantages. One
of the modifications of the Scott procedure is used for the measurement of
uronic acids in the Englyst method (Englyst et al., 1982). This reagent seems to
be less affected by hexoses present and have a greater sensitivity than the
carbazole reaction (Bitter and Muir, 1962).
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Theander and Aman (1979) have shown that the decarboxylation method,
developed by Bylund and Donetzhuber (1968) for analysis of uronic acid
contents in woods and pulps, is also a rapid, accurate and reproducible method
for analysis of DF samples. The decarboxylation in hydroiodic acid is
stoichiometric and different types of uronic acids have the same response. This
method, like the colorimetric methods, does not estimate the amount of
individual constituents but only the sum of uronic acids. At present the
procedure of Scott (1979) is investigated as an alternative to the decarboxylation
procedure with respect to the Uppsala method. The rate of formation of
5-folmyl-2-furancarboxylic acid, on which the colorimetric determination is
based, was shown by Scott to be faster for galacturonic than for glucuronic acid.

The uronic acids partly occur esterified with methanol or acetic acid, which
has to be taken into account when measuring them quantitatively. However,
these substituents do not interfere with the determination of the total uronic acid
content, neither with the decarboxylation method, nor with colorimetric
methods. Acetyl substituents can be quantified as 1-acetylpyrrolidine by HPLC
(Ménsson and Samuelsson, 1981).

Determination of Lignin

There is no specific method for the determination of lignin (the complex
polymer of phenylpropane units) which is not time-consuming. A colorimetric
acetylbromide method developed by Johnson et al. (1961) and later modified by
Morrison (1972) can be useful when comparing lignin contents in similar plant
species (Selvendran et al., 1989). Lignin can also be estimated by a procedure
involving oxidation with potassium permanganate (Robertson and Van Soest,
1981; Theander et al., 1977). The Uppsala group, like many others working with
lignified plant materials, prefers a sulphuric acid method (Theander and
Westerlund, 1986a) for gravimetric estimation of lignin as so-called Klason
lignin. This lignin method is conveniently combined with the determination of
the neutral DF polysaccharides. When human foods are analysed the lignin
values obtained by this method partly represent not only native lignin but also
tannins, cutins and some proteinaceous products. Some ash is always present in
the residue but in the Uppsala method this is corrected for. From heat-treated
foods the residue may also contain undigestible Maillard reaction products and it
has been proposed (Theander and Westerlund, 1986a) that the Klason lignin
value should be designated the “‘non-carbohydrate” part of the DF. The increase
of nitrogen content in the Klason lignin residue during thermal food processing
is a suitable marker for the extent of Maillard reactions.

Other Constituents of Dietary Fibre

Phenolic acids which are present as ester-linked substituents to DF poly-
saccharides and/or lignin may be included in this group. In some cases these
components may contribute significantly to the dietary fibre content (Theander
et al., 1990) as found for samples of maize bran and sugar beet fibre. Phenolic
acids can be measured after release by alkaline treatment, by HPLC (Ternrud et
al., 1987).
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Collaborative Studies

Attempts to identify through collaborative studies the most appropriate
approaches to the comprehensive analysis of dietary fibre go back to 1977. At
the meeting in Lyon, France, held to explore the relationship between diet and
cancer incidence, it was decided to test fibre measurement methodologies by
inter-laboratory study of reference materials. One year later, the results of this
exercise were assessed at a meeting held in Cambridge, UK and later published
in book form (James and Theander, 1981).

Nineteen laboratories participated in this inter-laboratory study, and four
different approaches were used, namely the colorimetric Southgate method,
GLC methods, detergent methods and enzymatic—gravimetric methods.
Although great variations — both within and between methods — were noticed,
this collaboration resulted in the identification of most major difficulties in
dietary fibre analysis, including such central issues as resistant starch or the
method dependence of the separation of dietary fibre into insoluble and soluble
fractions. These same two points also became evident in a follow-up study on
processing effects on dietary fibre and starch values analysed with different
methods (Varo et al., 1983).

The Cambridge meeting was an important step for future method
developments. Unfortunately, it also initiated unnecessary polarisation between
the methods aiming at the measurement of dietary fibre as the undigestible
polysaccharides and lignin and those attempting to measure non-starch
polysaccharides (NSP) as an index of plant cell wall. Some preferred to measure
carbohydrates directly, whereas others could see that under certain circum-
stances simpler gravimetric approaches would be adequate.

Studies under Review and Performance Criteria

Until now, most collaborative studies have dealt with the Englyst procedure for
NSP (Englyst et al., 1982) or the enzymatic—gravimetric AOAC method (Prosky
et al., 1984) and subsequent modifications of these (Englyst and Cummings,
1984; 1988; Englyst and Hudson, 1987; Prosky et al., 1985, 1988). The NDF
method combined with a measurement of SDF was also tested (Mongeau and
Brassard, 1986, 1990) but other promising methods (Asp et al., 1983; Theander
and Westerlund, 1986b) have not yet been studied collaboratively.

Table 4.5 gives an overview of the various studies for TDF of which the results
are presently available. Table 4.6 summarises the studies with separate
determinations of IDF and SDF. These tables have been arranged to make the
main studies comparable and to give objective criteria for method performance
evaluation. In particular, all repeatability and reproducibility data have been
converted to rgs and Rys, respectively. An Rys value of 2.0 at a TDF content of
10 g per 100 g means that 19 out of 20 single determinations coming from various
laboratories would fall in the range 9-11g per 100g.
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Relative standard deviations RSD(r) and RSD(R), i.e. coefficients of
variation, are related with r and R through the standard deviations s(r) and s(R)
and the average fibre content X, e.g. for reproducibility:

% RSD(R) = (s(R)/X) X 100
R95 S(R) X 2.8

It is important to recognise that both types of measures of precision can be
misleading when considered in isolation. Thus, at 25% RSD(R) can correspond
to a good Rys of 2.1 (at 3g TDF per 100 g) but also to a very poor Rgs of 21 (at
30g TDF per 100g). Conversely, an excellent Rgs of 1.0 may stand for a 36%
RSD(R) at 1g per 100g TDF as well as for a 0.7% RSD(R) at 50g TDF per
100 g. Therefore, Figs. 4.6 and 4.7 represent the R values of Tables 4.5 and 4.6,
respectively, as a function of the actual fibre contents.
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Fig. 4.6. Relation between total dietary fibre and reproducibility R from seven collaborative studies.
The upper panel gives fibre contents between 0 and 12g/100g, the lower panel between 10 and
90g/100g. Study names are as in Table 4.5. Open symbols used for Englyst procedures, closed
symbols for gravimetric methods.
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Fig. 4.7. Relation between soluble dietary fibre and reproducibility R from three collaborative
studies with gravimetric methods. Study names are as in Table 4.5.

Total Dietary Fibre with Gravimetric Methods

The first inter-laboratory study with the AOAC method, AOAC 84 in Table 4.5
(Prosky et al., 1984), was the biggest collaborative effort reported up to now,
but the results varied within wide limits, as revealed by both ros and Ros.
However, this initial trial allowed identification of the main problems of the
procedure:

Too high a final phosphate concentration and hence variable ash contents of the
gravimetric residues

Bad control of residual protein determination, as revealed by the soy isolate
sample

Variable starch removal because of insufficient milling and too short an
incubation time, as revealed by the rice sample.

After correction of these shortcomings, the second study (Prosky et al., 1985)
resulted in much improved precision data and in more accurate values for the
rice and soy isolate sample. The procedure has been accepted as official by the
AOAC and several national bodies. Meanwhile, there was an increasing desire,
especially in the USA, to measure IDF and SDF separately, even in routine and
for food labelling. Therefore, a third trial was organised in which TDF was also
measured and compared with the sum of IDF and SDF (Prosky et al., 1988). For
this trial the initial phosphate buffer concentration was again increased to
improve buffer capacity without, however, raising the final phosphate
concentration. This AOAC 1988 trial gave slightly higher average r and R for
TDF than AOAC 1985 (Table 4.5), probably due to the heavier workload
involved, three times as many crucibles being handled in that study.
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Using the same method as in the AOAC 1988 trial, a Swiss study (Schweizer
et al., 1988) gave the best precision measures reached so far (Table 4.5). Three
main factors may have contributed to this, namely the pre-trial sample with a
target value for training, a more detailed description of the procedure and, third,
the participating laboratories which were mostly government laboratories
without experience in fibre analysis. Especially the two latter factors can be
assumed to minimise the danger of free interpretations of a method description
which of course would result in mediocre reproducibilities.

More recently two other studies with gravimetric procedures have become
available. The trial called Canada 90 in Table 4.5 (Mongeau and Brassard, 1990)
involving five samples and ten collaborators reached as good reproducibilities
for rice (R = 0.62) and bread (R = 2.24) as the AOAC method, but somewhat
poorer data for the other three samples. In any case it does not seem attractive
to determine TDF as sum of NDF and SOL, i.e. two different procedures, when
only TDF is needed.

The AOAC/AACC 90 trial used a modification of the official AOAC method
(Lee et al., 1992). A Tris/Mes buffer is used instead of phosphate with the
advantage of one pH adjustment less and of a slightly reduced alcohol
consumption for precipitation of SDF. The precision measures reached with this
method are similar as with the unmodified method (Fig. 4.6). However, only
fibre contents above 10 g per 100 g have been included, so that the performance
in the lower range of fibre contents remains to be seen.

Non-starch Polysaccharides (NSP) with the Englyst Procedures

The Englyst procedures have been collaboratively studied in four trials
coordinated by the UK Ministry of Agriculture, Fisheries and Food (MAFF) of
which three have now been published. The first study, MAFF I, compared five
different methods and found considerable inter-laboratory variation with all
methods, but only the Englyst procedure was selected for further study
(Cummings et al., 1985). This study is not included in Table 4.5 because no
common statistical treatment was made for the various methods under
investigation.

In the MAFF II study (Englyst et al., 1987a) seven breads were analysed by
the GLC procedure. The trial resulted in acceptable repeatabilities but
unsatisfactory reproducibilities. The need for special expertise and equipment
and the lack of experience were identified as underlying causes for this. One
reason for the problems was later identified as the distribution of an incorrect
column packing material for GLC (Englyst et al., 1987a).

In the MAFF III study (Englyst et al., 1987b) similar samples were analysed
by a modified GLC procedure and two colorimetric procedures. However, only
one of the colorimetric methods (Englyst and Hudson, 1987) would be
applicable to all food types and is therefore included here. This study produced
considerably improved R values, with only minor differences between GLC and
colorimetry (Table 4.5). The trial was specifically concerned with the
measurement of NSP in cereals with fibre contents below 12%. There was a
considerable number of outliers and the need for further study was apparent,
especially if these methods were to be advocated for routine use.
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In the MAFF III study there was an average 15% difference between the
average GLC and colorimetric results of a same sample with the colorimetric
methods giving the higher results. It has been speculated (Schweizer, 1989,
1990) that this could be due to incomplete acid hydrolysis which would affect
dietary fibre values from GLC methods more than from colorimetric methods.
Interestingly, in the MAFF II study the mean results obtained by the GLC
procedure for the sum of NSP and resistant starch were about 20% lower than
TDF analysed by one laboratory with enzymatic—gravimetric methods (Englyst
et al., 1987a). This could well mean that the two approaches agree better than
thought by Englyst et al. (1987a), as also supported by inter-method
comparisons. It would, however, also mean that the GLC method could not
serve without modification as the reference method for the colorimetric
procedure intended for quality control.

Separate Measurement of Insoluble and Soluble Dietary Fibre

Considerable interest in the distinct physiological effects of certain sources of
soluble fibres have resulted, especially in North America, in a desire to validate
collaboratively separate determinations of IDF and SDF. This has led to three
collaborative studies which are summarised in Table 4.6. From the 10 samples in
the AOAC 88 study (Prosky et al., 1988) four only had more than 10% of TDF
as SDF and simultaneously more than 1.5% total dietary fibre. For three of
these samples (oats, potatoes and rye bread) satisfactory results were obtained
for both IDF and SDF. The fourth sample, a psyllium preparation, posed
problems. All other samples had only insignificant amounts of SDF. However,
because there was a good agreement in this study between the sum of IDF and
SDF and of separately determined TDF, it was concluded that SDF could be
measured by the difference (TDF—IDF) until further improvement in direct
SDF measurement would be achieved.

In the meantime two other studies covering a broader range of SDF contents
with normal foods were accomplished (Mongeau and Brassard, 1990; Lee et al.,
1992). When comparing Figs. 4.5, 4.6 and 4.7 it seems that the precision of SDF
measurement could almost reach the one of TDF. Fig. 4.7 also shows that the
apparently disappointing RSD(R) precision data for SDF in the AOAC 88 trial
may well have been due to sample choice only.

Before undertaking new collaborative studies on SDF it seems advisable to
await further investigations focusing on improved and physiologically more
sound separations between IDF and SDF (Schweizer, 1989, 1990). On the other
hand, however, the pressure from consumers and legislators for having SDF
values labelled cannot be ignored.

Inter-method Comparisons

Formal collaborative studies covering more than one method have been rare
(Englyst et al., 1987b), but several studies have included analyses by at least one
laboratory of the same samples with a different method (James and Theander,



92 Dietary Fibre — A Component of Food

1981; Prosky et al., 1984; Englyst et al., 1987a). Although such complementary
data can give much valuable information concerning method accuracy, they do
not contribute to objective judgement of precision data.

A recent preliminary study which was co-ordinated by the EC Bureau of
Reference (P. Wagstaffe, personal communication) is therefore very timely,
because it compared for the first time the method performance of the Englyst
GLC and the AOAC method. Three reference materials (wheat flour, rye flour
and haricot beans) were analysed in 10 laboratories by the AOAC method and
in 5 laboratories by the GLC method. As Fig. 4.8 shows, the AOAC method
gave clearly smaller intra- and inter-laboratory variability. Consequently, the
TDF content in these samples will be certified according to results obtained with
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the AOAC method. Indicative values will be given for the Englyst-type
methods. Furthermore, Fig. 4.8 seems to reveal that the mean values for TDF
and NSP are quite similar. This could indicate that for many foods the two
parameters may not be as different as previously thought. In any case, the ranges
of TDF and NSP values reported are clearly overlapping each other.

Summary and Conclusions

Methods for dietary fibre analysis have developed along two principally different
lines:

1. Gravimetric methods in which the fibre is isolated and weighed
2. Component analysis methods in which dietary fibre constituents are
determined more or less specifically

Both types of methods are needed for various purposes. Regarding wealth of
details and need for laboratory equipment and skill, the gravimetric methods are
comparable with Kjeldahl nitrogen for protein estimation or total fat
determination, whereas the component analysis methods are comparable with
amino acid or fatty acid determinations.

Gravimetric methods involve the risk of determining non-fibre constituents
contaminating the fibre residue whereas component analysis methods based on
specific determination of monomers require complete hydrolysis and predictable
hydrolysis losses.

Most current methods use 78%-80% (v/v) ethanol for precipitation of
water-soluble dietary fibre components and thus for delimitation of fibre
polysaccharides from oligosaccharides and starch hydrolysis products. Usually
this limit corresponds to about 10 monomeric units, but occasionally
considerably larger polysaccharides may be soluble in 80% (v/v) ethanol. The
delimitation between water-‘‘soluble” and water-“insoluble” fibre is method-
dependent and the physiologically most relevant delineation is not yet
established.

With enzymatic—-gravimetric methods, such as the method of Asp et al. and
the AOAC method, both soluble and insoluble dietary fibre components can be
recovered. Corrections for protein and ash associated with the fibre residue are
applied. The AOAC method has been subject to a number of collaborative
studies with results satisfactory enough for approval for total dietary fibre
determination by the AOAC and several national bodies. More recently it was
approved for insoluble fibre determination, which means that soluble fibre can
be obtained as the difference between total and insoluble fibre. A modification
has been approved also for direct soluble fibre determination.

Two main component analysis methods have been developed using GLC for
neutral sugar determination: the Uppsala method by Theander et al. and the
Englyst method by Englyst et al. In many respects recent developments have
caused these methods to converge. The most important remaining differences
regard:

1. Solubilisation of starch with DMSO in the Englyst method implying that a
resistant starch fraction mainly consisting of retrograded amylose is included in
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dietary fibre assayed with the Uppsala method — as in gravimetric methods — but
not in the NSP assay with the Englyst method. Amyloglucosidase 16 hours
(Uppsala) vs. pancreatin plus pullulanase 0.5 hours (Englyst) for starch
hydrolysis after the initial Termamyl treatment.

2. Acid hydrolysis conditions (post-hydrolysis with 0.4 mol/l sulphuric acid 1
hour at 125°C in the Uppsala method vs. 2mol/l 1 hour at 100°C in the Englyst
method).

3. Inclusion of Klason lignin in the Uppsala method but not in the Englyst
method.

4. Soluble fibre determination directly in the Uppsala method, but as the
difference between total and insoluble fibre in the Englyst method.

The Englyst method has been tested in collaborative studies with gradually
improved performance. A simplified version using a colorimetric determination
of sugars in the acid hydrolysates has been developed and also tested
collaboratively. An AOAC collaborative study with the Uppsala method is
under way.

The limited data available for inter-method comparisons generally indicate a
good agreement between total dietary fibre estimates of foods with gravimetric
methods and with the Uppsala method. Lower values are obtained with the
Englyst method in foods containing resistant starch and/or lignin. The range of
estimates in different laboratories using the same method, however, is generally
wider than differences of means obtained with different methods.
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Note Added in Proof
The MAFF 1V Study

Results from the fourth collaborative study of the Ministry of Agriculture,
Fisheries and Food, UK, the MAFF IV study, were released in preliminary form
recently (MAFF Information Bulletin for Public Analysts on EC methods of
analysis and sampling for foodstuffs, No. 117, Ministry of Agriculture, Fisheries
and Food, Norwich, UK). This trial investigated soluble, insoluble and total
non-starch polysaccharide determination (S-NSP, I-NSP and T-NSP, respective-
ly) with the GLC and colorimetric varieties of the Englyst method and soluble,
insoluble and total dietary fibre (SDF, IDF and TDF, respectively) with the
AOAC method.

Comparison of mean and ranges of the NSP and fibre estimates shows that
soluble components constitute a larger proportion of the total with both Englyst
methods than with the AOAC method. As in the MAFF III study, the
colorimetric Englyst method gave consistently higher NSP estimates than the
GLC variety. TDF values with the AOAC method were generally higher than
T-NSP estimates, that constituted on an average 88% and 83% of the TDF
values for the colorimetric and GLC Englyst methods, respectively.

The preliminary statistical analysis of the MAFF IV study indicates similar
between-laboratory reproducibility for soluble and insoluble components
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determined with the Englyst colorimetric method and the AOAC method, and
somewhat better reproducibility for the Englyst GLC estimates. Reproducibility
figures for T-NSP were similar to those reported in earlier studies with the
Englyst method (Table 4.5). For TDF with the AOAC method, however, the
reproducibility seemed less good than in earlier studies (Table 4.5). There are at
least two probable explanations for this: (1) no kits or enzymes were distributed
for the AOAC method, which was the case for the Englyst methods; and (2)
TDF was obtained as the sum of SDF and IDF, which is not the approved
procedure.

From the practical point of view, the MAFF IV study supports that for most
food samples, the between-laboratory variation in TDF or NSP determinations
is still larger than differences of means obtained with the AOAC or Englyst
methods. This means that single estimates with the two methods are generally
not significantly different.

The AOAC Method

The modified AOAC method of Lee et al. (1992) for soluble, insoluble and total
dietary fibre obtained official first action status by the AOAC on 10 August
1991. Preliminary results from the latest collaborative study with the original
AOAC method for insoluble, soluble and total dietary fibre (Prosky et al., 1988)
indicate similar reproducibility figures to those obtained for the modified
method of Lee et al. (AOAC/AACC 90; Tables 4.5 and 4.6; L. Prosky, personal
communication).

Commentary

Morris: This is a very useful and balanced account of the progress that has been
made in fibre analysis and the problems that remain. It is, of course, unfortunate
that the original intention of including Dr. Englyst in the author list was not
realised.

The reasoning behind the assertion that ‘“classification in terms of physical
characteristics is of limited value” is not convincing. I fully agree that the
distinction between soluble and insoluble materials is not an absolute one, but
depends on the nature of the solvent, which must therefore be clearly defined
(and, of course, physiologically relevant). That, however, is a practical issue
tractable to experimental investigation, not an insurmountable problem.

I also fully agree that polysaccharides with very different chemical structures
can have similar physical properties (and, indeed, that polysaccharides of similar
chemical composition can have very different physical properties). All that says,
however, is that there is no simple relationship between composition and
physical properties; it does not say that the former is more important than the
latter. Some aspects of physiological response are clearly dependent on chemical
structure: the obvious example is potential susceptibility to specific enzymes
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(although, even here, physical form may have a significant effect, as in resistant
starch). Conversely, however, it may be argued that the physiological effects of
dietary fibre as “roughage” and in retarding absorption are determined mainly
by physical properties and that it is then the chemical characterisation that is of
limited value.

The distinctions in Table 4.2 between ‘“‘isolated polysaccharides”, ‘“natural
occurring” and ‘“food additives” seem strange. They are all “natural” (apart
from chemically modified materials), and whether or not they are consumed in
situ or extracted and added back depends on local technology and tradition. For
example, the Japanese eat seaweed, whereas in the West algal polysaccharides
are predominantly consumed as purified extracts.

Authors’ reply: We agree that physical properties are at least as important as the
chemical ones. Our remark on “limited value” only related to the extension of
classifications of such properties at the present time.



Chapter 5

Gastro-intestinal Physiology and Function
N.W. Read and M. A. Eastwood

Introduction

The presence of non-starch polysaccharides in a meal may reduce postprandial
sugar and lipid levels, reduce the bio-availability of micronutrients, assist weight
reduction and increase stool output and the expulsion of gas from the colon.
These effects can be explained by the physiological actions of non-starch
polysaccharides, in particular their ability to displace nutrients from the diet, the
dilution and sequestration of nutrients within the polysaccharide matrix, the
imparting of viscous properties to gastro-intestinal contents and the provision of
substrate for colonic fermentation.

Not all non-starch polysaccharides have the same effects or physiological
actions. Guar gum, for example, reduces postprandial glycaemia, but has little
effect on stool bulking. Other substances, such as wheat bran and cellulose may
be better as laxative agents. The physiological action depends to a large extent
on the physical and chemical properties of the individual non-starch
polysaccharides, and these can vary quite considerably between different
polymers or different molecular weights of the same polymer.

This chapter attempts to rationalise the effects of non-starch polysaccharides
in health and disease by relating their physiological effects to their physical
properties.

How Do Non-starch Polysaccharides Reduce Absorption
of Nutrients in the Small Intestine?

How Does Increasing the Viscosity of Gastro-intestinal Contents
Delay Absorption?

Most studies have concentrated on the relationship between viscous properties
and absorption. Viscosity equals resistance to flow. In the gastro-intestinal tract,
viscous solutions are anti-motility; they impair the propulsive and mixing effects
of gastro-intestinal contractions (Blackburn et al., 1984a). When gastro-
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intestinal contents are rendered viscous by the incorporation of soluble
non-starch polysaccharides, they trap complex food molecules within the matrix
hindering their access to digestive enzymes and to the intestinal epithelium.
Some polysaccharides can form gels rather than viscous solutions, especially
when the concentration is increased. Gels are solid-like, but unlike viscous
solutions, they can be irreversibly disrupted by the large shear forces that may
occur in the mouth and in the stomach.

The anti-motility actions of viscous solutions can influence absorption by
delaying gastric emptying, impairing convection or mixing in the upper small
intestine, altering the absorptive site and delaying small bowel transit time.

Gastric Emptying

The addition of viscous polysaccharides to solutions of glucose delays gastric
emptying, and may limit the absorption of glucose by slowing its delivery to the
absorptive site in the small intestine. Several studies have shown an association
between gastric emptying and postprandial blood levels of glucose or other
rapidly absorbed materials (Holt et al., 1979; Schwartz and Levine, 1980), but is
gastric emptying the major influence on absorption? In a study to elucidate the
action of guar gum, we could find no correlation between the half-time for the
emptying of glucose from the stomach and the degree of postprandial glycaemia
(Blackburn et al., 1984a; Rainbird and Low, 1986). This suggested to us that the
effects of viscosity in the small intestine may play a more dominant role.

Studies of the dynamics of gastric emptying have shown that the emptying of
viscous solutions are associated with much higher antral pressures than the
emptying of watery solutions (Bueno et al., 1981), but antral contractions indent
the gastric lumen to a lesser extent during the emptying of viscous solutions
(Prove and Ehrlein, 1982). These two sets of observations can be reconciled by
proposing that viscous solutions resist the effect of antral contractions. The
pressure recorded in the gastric lumen is a function of the power of the
contraction and the resistance of the gastric contents to flow. Thus higher
pressures are recorded in the presence of viscous solutions because they resist
propulsion through the pylorus, and the same resistance would logically result in
a reduction in antral indentation.

Viscous polysaccharides can have a different action on the gastric emptying of
solids and liquids. The addition of guar gum to meals that consist of discrete
solid and liquid components delays the emptying of liquids, but can accelerate
the emptying of solid particles (Meyer et al., 1986). How can this come about?

Under normal circumstances, solids are retained in the fundus of the stomach
until the majority of liquid has emptied. They then enter the antrum where they
are disrupted by abrupt acceleration and deceleration forces produced by antral
propulsion and pyloric closure until they are light enough to enter the axial
stream and be propelled through the pylorus ahead of the advancing antral
contraction (Meyer et al., 1986). Increasing the viscosity of gastric contents
prevents the separation into discrete solid and liquid components. Solids are no
longer retained in the fundus, and gravity does not cause them to settle out.
Thus solids and liquids leave the stomach together in the viscous matrix. To put
it another way, viscous polysaccharides ‘“‘stabilise”’ the gastric contents, in an
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analogous manner to their action in stabilising emulsions in the preparation of
ice creams.

The accelerated emptying of solids does not increase the absorption of the
nutrients in the solids, if anything, it would inhibit it. This is because when
gastric contents are viscous, solids are no longer disrupted by antropyloric
contractions; they enter the duodenum in larger lumps (Meyer et al., 1986) and
digestion is impaired by the reduction in surface area.

Reduction of Intestinal Mixing

Mixing of intestinal contents releases material trapped in the polysaccharide
matrix, increases the interaction between digestive enzymes and the complex
macromolecules in food and facilitates the access of the digestive products to the
intestinal epithelium. Mixing is brought about by intestinal contractions. After a
meal, the motor activity of the small intestine is changed to a pattern that
consists of frequent brief contractions that are propagated for very short
distances downstream. Radiological examination of intestinal contents gives the
impression of chyme being milked for a few centimetres downstream and then
flowing back to be milked by the next contraction. This type of activity would
optimise mixing and reduce propulsion.

Viscous polysaccharides impair the digestion of starch in vitro, presumably by
impairing the interaction with amylase (Isaksson et al., 1982; Dunaiff and
Schneeman, 1981). Studies carried out in vivo have not necessarily demon-
strated any impairment of digestion, perhaps because the reduced access of the
products of digestion to the epithelium reduces the release of hormones that
suppress pancreatic secretion (Scarpello et al., 1982; Isaksson et al., 1983b).

Perfusion of loops of small intestine of the rat or human in vivo with glucose
solutions have shown that viscous polysaccharides reduce glucose absorption
and the reduction in absorption is directly related to the viscosity of the solutions
(Johnson and Gee, 1981; Elsenhans et al., 1981; Blackburn et al., 1984a). These
experiments have been explained on the basis of an increase in the thickness of
the unstirred water layer that lies immediately adjacent to the intestinal
epithelium (Johnson and Gee, 1981). The concept of the unstirred water layer
proposes that water becomes more structured and less mobile very close to
solid-liquid interfaces as if the molecules line up in conformation to the solid
surface. Thus in the small intestine, the unstirred layer is envisaged as a kind of
water membrane across which substances have to diffuse before reaching the cell
membrane. This unstirred layer is often measured by recording the time it takes
the potential difference to change when the sodium in the lumen is rapidly
changed to one of a different osmolality or sodium concentration (Read et al.,
1977). The measurement relies on rapid changes of solution and clearly there are
practical difficulties in achieving this in vivo when the solutions are viscous.

We believe that the unstirred water layer should be viewed more as a
functional concept related to intestinal mixing than an anatomical entity with
fixed dimensions. Vigorous stirring immediately adjacent to the epithelium,
such as could be produced by contractions of the villi and microvilli, would
minimise the influence of the unstirred layer on absorption. In contrast, if there
were no forces causing mixing, then the unstirred layer would assume the
dimensions of the intestinal lumen. Thus, by reducing mixing in the intestinal
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lumen, viscous polysaccharides would increase the dimensions of a less stirred
layer. Our point is that reduction of mixing and increase of unstirred layer are
two ways of describing the same thing. The only way in which the concepts might
differ is if adherence of viscous polysaccharides to the epithelial surface caused
persistence of an epithelial coating, which impaired the absorption of a
subsequent meal which did not contain viscous polysaccharides. Histological
evidence in the rat offers some support for this notion (Johnson and Gee, 1981).

Even if effects of viscous polysaccharides on the unstirred layer could be
distinguished from effects on luminal mixing, they may not indicate a different
mechanism. By measuring conductance of ionic solutions in the presence of
viscous polysaccharides, Edwards and colleagues (1988) could find no evidence
for any hindrance of ionic diffusion, whereas the mixing of two different
solutions was markedly impaired if both were made viscous by the addition of
guar gum. In a further experiment, they showed that viscosity inhibited the
movement of glucose out of a tube of dialysis membrane that was sealed at either
end only if the luminal contents were subjected to mixing by means of
mechanical paddles. Phillips (1986), however, has suggested that viscous
polysaccharides could delay the diffusion of larger molecular complexes of
micelles to the absorptive surface.

Effects on Intestinal Transit and Absorptive Site

In general, the addition of viscous polysaccharides to liquid meals delays mouth
to caecum transit time of the head of a meal. This effect is only partly explained
by the delay in gastric emptying; there is evidence for an additional delay in
small bowel transit (Bueno et al., 1981; Blackburn et al., 1984a; Brown et al.,
1988). The delay in small bowel propulsion made us consider the possibility that
viscous polysaccharides could reduce glucose absorption by confining the
glucose solution to a smaller area of small intestine instead of allowing it to
spread down the small intestine and be exposed to larger absorptive surface.
Scintigraphic imaging of the small intestinal contents did not support this
possibility (Blackburn et al., 1984b). Moreover, studies in rats gavaged with
baked beans and different concentrations of guar gum (Brown et al., 1988)
showed that the delay in small bowel transit was associated with hold up of the
meal at two sites, the stomach and the terminal ileum. Transit through the
proximal small intestine was very rapid probably because the viscosity was
reduced at that site by dilution with digestive juices, and delayed in the ileum
after much of the fluid had been reabsorbed.

Does this mean that the site of absorption is shifted downstream in the
presence of viscous polysaccharides? One study has addressed this question and
showed that after administration of a meal containing viscous polysaccharides to
rats, more fat was. absorbed from the ileum (Imaizumi et al., 1982). Since
nutrients have a trophic effect on the small intestine, a downward shift in the site
of absorption would explain the observations that the ileal epithelium tends to
hypertrophy after chronic administration of guar gum (Imaizumi and Sugaro,
1986). We have suggested that a greater exposure of the ileum to fat could
explain the second meal phenomenon, in which administration of viscous
polysaccharides does not only reduce the postprandial glycaemia of the test meal
but also the meal afterwards. The reason for this is that the presence of a
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significant amount of fat in the ileum, such as might occur at the time of the
second meal, can cause substantial suppression of the motility of the stomach
and proximal intestine and also induce sensations of satiety to occur with
ingestion of smaller amounts of food (Read et al., 1984).

Do Viscous Polysaccharides Affect the Degree of Absorption?

The important question regarding the action of viscous polysaccharides in the
small intestine is: does this lead to any change in the degree of absorption of
nutrients from a meal? Higham and Read (1992) attempted an answer by
incorporating guar gum into the diet of patients with ileostomies fashioned from
the terminal few centimetres of ileum. Guar gum was administered with every
meal for a period of seven days and care was taken to keep the nutrient intake
constant. The results showed that the volume of ileostomy effluent was
increased by ingestion of guar gum and increased amounts of fat and protein,
water and electrolytes. Carbohydrate output was not significantly influenced by
addition of guar gum. Surprisingly, mouth to caecum transit time was unchanged
under the conditions of these experiments and the viscosity of the ileal effluent
was not increased, but was lower than the control studies in which guar was not
given. Patients reported that their ileal effluent was much more runny during
ingestion of guar gum. These unexpected results could be explained by dilution
caused by, for example, increased pancreatic secretions. An alternative
explanation is the degradation of the polysaccharide by contaminant bacteria in
the ileum, though the absence of an increase in breath hydrogen response to the
meal did not support this possibility. Similar effects on protein and fat excretion
from the ileum have been observed in the rat (Isaksson et al., 1983a).

Unresolved Issues

Can the Effect of Supplementing the Diet with Non-starch
Polysaccharides on Gastro-intestinal Viscosity be Predicted from
Measurements of Viscosity in Vitro?

The answer to this question is either, “No” or “Not necessarily”’. There are
several reasons for this.

1. Dilution with digestive juices can produce marked reductions in viscosity
and this effect can be much greater with some polysaccharides than with others
(Morris, 1986; Edwards et al., 1987). This effect has been confirmed using pigs
fitted with intestinal cannulae, in which direct measurements of duodenal
viscosity have been carried out in response to dietary supplementation with
samples of guar gum of differing molecular sizes and physical properties (F.G.
Roberts, unpublished data).

2. Different sources of the same polysaccharide can show great variation in
their physical properties in solution and this is directly related to their molecular
weights (Morris, 1986; Ellis et al., 1986).
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3. Non-starch polysaccharides form non-Newtonian solutions. That is to say
that their viscosity varies according to the force or shear rate to which they are
subjected. Agitation or stirring at rapid rates causes a relative reduction in
viscosity as the polysaccharide chains disentangle and the rate of disentangle-
ment exceeds the rate of re-entanglement. This phenomenon is known as
shear-thinning. Thus in order to predict the effect of a polysaccharide in the gut,
it is necessary to know the forces to which that solution is subjected by
gastro-intestinal contraction and the geometry of the system (see Chap. 3).

Morris has shown that for a given polysaccharide, there is a linear relationship
between viscosity and the product of viscosity with a fixed power of the shear
rate and this slope and intercept of this relationship varies with different
polysaccharides (Morris, 1990). This not only provides a means of describing the
behaviour of a polysaccharide over the whole range of shear conditions, but it
may also provide the possibility of deriving a value for the predominant shear
conditions that may exist in the intestine by comparing the relative effects of two
or more polysaccharides that differ widely in the slopes of their viscosity/shear
rate relationship. Although theoretically possible, this approach would require a
knowledge of the concentration of the polysaccharide in the operationally
dominant region of the gut.

4. Another consideration is the difficulty in measuring the viscosity of
gastro-intestinal contents — or what to do with the lumps? As anybody who has
examined the composition of vomitus knows, gastric contents are not
homogeneous; the solids, liquids and the oils separate out and there is often an
unusually high proportion of tomato skins, pieces of carrot and maize husks.
Since the stomach functions as a blender or homogeniser, the material that
enters the small intestine is much more homogeneous, but lumps can still be
present, particularly after administration of viscous polysaccharides.

Most methods that are currently used to measure viscosity require samples to
be small and reasonably homogeneous. Lumps can produce considerable
distortion, but removal of the lumps by sieving could also produce an
unacceptable bias in the data, since the lumps must exert a major influence on
rheological behaviour. There is, we believe, a need to develop and validate a
method for measuring the rheological properties of gastro-intestinal contents,
“lumps and all”’. Perhaps the answer is to use sufficiently large viscometers.

How Can the Rheological Properties of Whole Foods be Studied?

The development of an acceptable method for measuring the viscosity of
gastro-intestinal contents would also facilitate measurements of the rheological
properties of whole foods and their fate in the gut. There is very little insight into
the effects on rheology in vitro and in the gut of different food combinations,
such as proteins and polysaccharides, starch and non-starch polysaccharides,
carbohydrate and fat in pastries or cakes and the availability of nutrients from
these combinations. Starch granules are intimately associated with a protein
matrix that may impair digestion. The glycaemic response to gluten-free flour is
greater than to gluten containing flour indicating more complete absorption of
carbohydrate (Jenkins et al., 1987).

Most of our food is subjected to physical forces, such as heat, pressure,
microwaving, and cold before we eat it. We need more insight into the effects of
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food preparation on rheological properties of digesta. Recent studies in the pig
have shown that incorporating guar gum into bread still causes an increase in the
viscosity of intestinal contents and a reduction in postprandial glucose
concentrations (Roberts et al., 1990).

What is the Effect of Long-term Supplementation with Viscous
Polysaccharides?

There is evidence that the ileal epithelium hypertrophies in response to chronic
ingestion of viscous polysaccharides and as suggested above, this may be related
to a change in the site of absorption. Is there any evidence for functional or
physiological adaptation?

Chronic ingestion of vegetarian or high-fibre diets may sensitise the
gastro-intestinal chemoreceptors that control gastro-intestinal transit and eating
behaviour to the action of nutrients. We have previously observed that the
infusion of lipids into the duodenum produced a much more marked inhibition
of gastric emptying in vegetarians than in subjects on a normal mixed diet.
Furthermore the gastric emptying of a high fat meal became much slower after
two weeks habituation of normal volunteers to a low fat diet (Cunningham et al.,
1991). By diluting intestinal contents and impairing the access of nutrients to the
intestinal epithelium, there is a possibility that non-starch polysaccharides could
sensitise nutrient receptors. This could produce an adaptive inhibition of food
intake, gastric emptying and intestinal transit from foods of higher nutrient
density.

Can Non-starch Polysaccharides Reduce Absorption by
Mechanisms Other than Increasing the Viscosity of Gastro-
intestinal Contents?

Displacement of Nutrients?

Not all the non-starch polysaccharides that may reduce postprandial glycaemia
or cholesterolaemia produce viscous solutions. Diets high in beans or wheat bran
or beet fibre can be very helpful, but this could have more to do with what is
displaced from the diet than what is added (for references, see Chap. 16). We
designed a study to ask the question, “Does the addition of either soluble or
insoluble fibre to a sensible diabetic diet confer any special benefit in terms of
diabetic control?”. Type II diabetic patients were randomised to one of three
diets, a sensible high carbohydrate, low fat diet with minimal fibre, and the same
diet supplemented with 15g guar gum or wheat bran (Beattie et al., 1988). Care
was taken to ensure that the nutrient intake was kept constant with all three
diets. At the end of 20 weeks, the patients on all three diets had similar
reductions in fasting plasma glucose and glycosylated haemoglobin and had lost
equivalent amounts of weight. Our conclusion was that the long-term
supplementation of normal diets with high-fibre foods improved diabetic control
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because it worked as a device to assist patients to achieve a more healthy diet.
This conclusion is in the spirit of the British Diabetic Association, which
recommends a diet rich in complex polysaccharide and low in fat without
specifying whether the carbohydrate be available or not.

Sequestration

In plants, polysaccharides either form part of the skeleton or they are an energy
store or they are secreted as gums or mucilages for protection against
microorganisms. Many of the storage or skeletal forms may be sequestered
inside rigid waxy or lignified cell walls, which need to be broken open by milling,
grinding or chewing before the carbohydrate is released (O’Dea et al., 1980;
Southgate, 1986). The important function of chewing in releasing starch for
digestion was emphasised by a study that compared the low postprandial plasma
glucose levels when meals of apple, potato, maize and rice were served in large
particles and not chewed compared with the marked postprandial glycaemia
when these foods were chewed thoroughly (Read et al., 1986). The importance
of sequestration or particle size is also implicit in the much higher plasma insulin
responses to apple juice compared with whole apples (Haber et al., 1977), and in
the plasma insulin and glucose responses to isocaloric wheat-based meals that
varied according to the degree of milling of the wheat (Jenkins et al., 1986;
Heaton et al., 1988; O’Donnell et al., 1989). All of these studies showed that the
smaller the particles, the greater the metabolic responses (Heaton et al., 1988).

Jenkins has popularised the glycaemic index, the ratio of the glycaemic
response to 50 g of test carbohydrate to the glycaemic response to 50 g glucose as
a means of measuring the metabolic responses of a variety of carbohydrate foods
(Jenkins et al., 1981). Bread and potatoes have a high glycaemic index whereas
legumes have low glycaemic indices. The implication is that it is more healthy for
diabetics and even healthy people to eat foods of low glycaemic indices because
this avoids the harmful effects of high plasma glucose and high insulin secretion.
This theory breaks down in the context of mixed meals, when other components
of the meal may influence the way in which carbohydrate is digested. For
example, putting a lump of butter on a potato is a very effective way to reduce
the glycaemic index, probably because the fat interacts with duodenal receptors
to delay the delivery of the carbohydrate from the stomach and hence limit
digestion (Cunningham and Read, 1989).

Food Preparation

Cooking as well as chewing releases polysaccharides and may be necessary for
the rapid development of viscous properties. Heating in the presence of water
bursts open starch grains; the glycaemic responses to uncooked potato or wheat
starch are minimal (Collings et al., 1981). It is likely that some non-starch
polysaccharides require heat treatment before they are released from the cell
wall. Pectins in uncooked vegetables show much less adhesion and are much
more soluble in intestinal fluids than those in uncooked vegetables (Selvendran,
1985). Cooking may also reduce the availability of starch. Englyst and



Gastro-intestinal Physiology and Function 111

Cummings (1987) have shown that the cooking, cooling and reheating of starch
foods can result in the production of a form of retrograded starch that is resistant
to digestion by pancreatic amylase.

The current enthusiasm for high-fibre diets and eating vegetables in their raw
state may mean that large amounts of polysaccharide remain sequestered within
rigid cell walls and are not released into the intestinal lumen. Under these
conditions, the fibre influences gastro-intestinal physiology by displacing or
diluting nutrients or by acting as a non-specific ‘“‘irritant” (see later).

Cooking or other forms of preparation of plant foods often denatures the
natural toxins. It is possible that some of the effects attributed to ““fibre” in
uncooked vegetables and fruits could be signs of intoxication.

Fermentation

When non-starch polysaccharides reach the colon, they are fermented by the
vast numbers of anaerobic bacteria to release short chain or volatile fatty acids,
predominantly acetic acid, butyric acid and propionic acid with smaller
concentrations of lactic acid and branched chain acids. It has been suggested that
propionic acid reduces postprandial glycaemia by actions on hepatic metabolism
(Jenkins, 1979; see also Chaps. 7 and 10). This factor may be crucial to the
long-term effects of fibre in diabetic control. Propionic acid also reduces
cholesterol synthesis in isolated rat hepatocytes (Chen et al., 1984), but this
observation appears not to be relevant to the reduction in plasma cholesterol by
viscous polysaccharides in vivo (see Chap. 17).

Villous Atrophy

Although diets rich in non-starch polysaccharides can be associated with a
relative hypertrophy of the epithelium of the distal intestine, the major
absorptive site in the proximal small intestine often shows atrophic changes. Villi
are stunted, disaccharidase production is reduced, and there are compensatory
increases in crypt cell production rate and cell turnover (Johnson and Gee, 1986;
Roberts, 1991). These features are similar to those found in coeliac disease and
therefore suggest epithelial toxicity. By the use of specific lectins to stain for
specific sugar residues, Roberts (1991) has shown intense galactose and mannose
staining in the small intestinal glycocalyx and even in the lymphatics, suggesting
incorporation of the polysaccharide into the epithelium. The intriguing question
from these observations is: “Does dietary fibre damage the epithelium?”.

Binding of Bile Acids

One of the most popular theories for the hypocholesteraemic action of fibre is
that it may sequester and even chemically bind bile acids. This may then limit fat
absorption by bile acid depletion and impaired micellisation (see Chap. 17). Bile
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acids bind with phenolic and uronic residues on the polysaccharide matrix,
particularly when the pH in the intestinal lumen is low (Eastwood and Hamilton,
1968).

Effects on the Colon

The addition of non-starch polysaccharides to the diet can increase stool output,
accelerate colonic transit time and increase the expulsion of colonic gases. Not
all polysaccharides produce all of these effects; some have little effect on any of
them, others produce some effects but not others, and the effects may vary with
time. In other words, the colon appears to be able to adapt to the continued
presence of a non-starch polysaccharide by varying its function.

The physical properties of polysaccharides may change significantly in the
colon. Some are immediately fermented and removed from the lumen. Others
may be chemically modified by the bacteria in a way that changes their physical
properties; very little is known about the impact of bacterial metabolism on
these plant materials. The more acidic colonic environment will reduce the
ionisation of uronic and phenolic acid radicals present on some polysaccharides
and on lignin, increasing the binding of bile acids and reducing the binding of
minerals. The bacterial mass itself will be altered by the presence of
polysaccharides; fermentable substrates will increase bacterial numbers and
alter types of bacteria present and it is probable that some of the properties, such
as cation exchange, acceleration of transit time and stool bulking, may in fact be
properties of the bacterial cell mass.

Increased Stool Output

The increased stool output is most commonly thought to be related to the
water-holding capacity of the polysaccharide, but it is not the water-holding
capacity of the polysaccharide as ingested that is most important; studies have
shown that substances with the highest water-holding capacity in vitro, such as
guar gum or pectin, are often the poorest laxatives (Eastwood et al., 1983). The
key factor is the water-holding capacity after exposure to colonic bacteria
(McBurney et al., 1985; Adiotomre et al., 1990). Many non-starch polysacchar-
ides are rapidly broken down by colonic bacteria to small molecular weight units
that have no ability to sequester or retain water. These have little laxative
action. The substances that appear to have the greatest effects on stool weight
are the polysaccharides such as carboxymethylcellulose, xanthan gum, ispaghula
that resist breakdown or wheat bran which contains highly lignified material
which is virtually non-biodegradable in the human colon. The water-holding
capacity of bran even before exposure to colonic bacteria is very low. Is the bulk
of the bran itself without any associated water sufficient to increase stool output
or does its laxative action depend on another mechanism? And how does
cooking wheat bran to form Kellogg’s All-Bran yield a product that is a less
effective stool bulker than whole bran (Wyman et al., 1976)?
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Transit Time

The inverse relationship between stool weight and whole gut transit time implies
a causal relationship; either the increase in colonic bulk stimulates propulsion or
the acceleration of colonic transit reduces the contact time for absorption.
Supplementing the diet with non-starch polysaccharides does not support a
causal relationship because this often stimulates colonic propulsion without
affecting stool bulk or increases stool output without affecting transit time
(Tomlin and Read, 1988a). By examining the effects of a number of non-starch
polysaccharides, Tomlin and Read (1988b) have proposed that non-starch
polysaccharides that retain at least some of their complex structure retain water
and increase stool bulk while fermentation of non-starch polysaccharides is
associated with an acceleration of transit time. They have further suggested that
the best laxatives are those that undergo some fermentation but retain sufficient
of their complex structure to retain fluid and bulk the stool.

If fermentation is associated with acceleration of transit time, which of the
fermentation products are responsible? The strongest candidates would appear
to be short chain fatty acids, but current data from our laboratory (unpublished
data) suggest that in the concentration range normally found in the colonic
lumen, acetic acid, propionic acid and butyric acid and a cocktail of all three
acids inhibit colonic motility. The effect of luminal lactic acid on colonic motility
has not been investigated. The other fermentation products are the gases.
Perhaps gaseous distension of the caecum induces colonic propulsion. Certainly
there is evidence that fluid distension of the right colon causes regular propulsive
colonic pressure waves (Chauve et al., 1986).

Laxative Action of Sequestered Bile Acids and Fatty Acids

Laxatives stimulate colonic secretion and colonic propulsion and it seems likely
that they act on mucosal receptors to stimulate a neural programme for colonic
clearance. It is possible that fibre may have the same effect. Wheat bran binds
bile acids causing increased delivery into the colon and bile acids have been
termed nature’s laxative because they stimulate colonic propulsion and secretion
(Read, 1988). Small concentrations of bile acids also increase rectal sensitivity,
lowering the distension threshold required to cause a desire to defecate
(Edwards et al., 1989). Similarly the ingestion of non-starch polysaccharides
may cause impaired absorption of long chain fatty acids and bile acids in the
small intestine and increased delivery to the colon. Long chain fatty acids also
induce colonic propulsion and secretion (Read, 1988).

Direct Irritant Effect of Particles

It is well known that coarse particles of bran have a greater laxative action than
the same amount of bran that has been ground up into much finer particles
(Brodribb and Groves, 1978; Heller et al., 1980; Smith et al., 1981). This result
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has been explained simply on the basis of the greater water retention within the
fibre matrix of the larger particles, but water-holding capacity of bran is less
impressive than other “fibres”.

Tomlin and Read (1988b) have suggested an alternative mechanism: the edges
of large particles may induce secretion and propulsi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>