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Preface to the Third Edition

Advanced Dairy Chemistry 2: Lipids is the second volume of the third edition
of the series on advanced topics in Dairy Chemistry, which started in 1982
with the publication of Developments in Dairy Chemistry. The first volume,
on milk proteins, of the third edition of Advanced Dairy Chemistry was
published in 2003. This series of volumes is intended to be a coordinated
and authoritative treatise on Dairy Chemistry. In the decade since the
second edition of this volume was published (1995), there have been consid-
erable advances in the study of milk lipids, which are reflected in changes to
this book.

Most topics included in the second edition are retained in the current
edition, which has been updated and considerably expanded from 10 to 22
chapters. For various reasons, the authors of many chapters have been
changed and hence, in effect, are new chapters, at least the topic is viewed
from a different perspective.

The new chapters cover the following subjects: Biosynthesis and nutri-
tional significance of conjugated linoleic acid, which has assumed major
significance during the past decade; Formation and biological significance
of oxysterols; The milk fat globule membrane as a source of nutritionally and
technologically significant products; Physical, chemical and enzymatic modi-
fication of milk fat; Significance of fat in dairy products: creams, cheese, ice
cream, milk powders and infant formulae; Analytical methods: chromato-
graphic, spectroscopic, ultrasound and physical methods.

Like its predecessor, this book is intended for academics, researchers at
universities and industry, and senior students; each chapter is referenced
extensively.

We wish to thank sincerely the 37 contributors to the 22 chapters of
this volume, whose cooperation made our task as editors a pleasure. The
generous assistance of Ms. Anne Cahalane is gratefully acknowledged.

P. F. Fox

P. L. H. McSweeney
University College
Cork, Ireland
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Preface to the Second Edition

Advanced Dairy Chemistry can be regarded as the second edition of Devel-
opments in Dairy Chemistry. The first volume in the series, on Milk Proteins,
was published in 1992; this, the second volume, is devoted to Milk Lipids.
Considerable progress has been made in several aspects of milk lipids during
the past 11 years which is reflected in revised versions of seven of the eight
chapters included in Developments in Dairy Chemistry —2, most of them by
the same authors. The theme of one chapter has been changed from physical
properties and modification of milk fat to the crystallization of milk fat. Two
new chapters have been added, i.e. chemistry and technology aspects of low-
fat spreads and the significance of fat in consumer perception of food
quality, which reflect the continuing consumer awareness of a healthy diet.
Low-fat spreads have become increasingly significant during the past decade
and are now the major type of spread in many countries. However, reducing
the fat content of foods generally results in a concomitant decrease in the
organoleptic quality of the food; consumer attitudes to reduced-fat dairy
products are discussed in one of the new chapters.

Like its predecessor, the book is intended for lecturers, senior students
and research personnel and each chapter is extensively referenced.

I would like to thank all the authors who contributed to this book and
whose cooperation made my task as editor a pleasure.

P. F. Fox



Preface to the First Edition

Many of the desirable flavour and textural attributes of dairy products are
due to their lipid components; consequently, milk lipids have, traditionally,
been highly valued, in fact to the exclusion of other milk components in
many cases. Today, milk is a major source of dietary lipids in western diets
and although consumption of milk fat in the form of butter has declined in
some countries, this has been offset in many cases by increasing consump-
tion of cheese and fermented liquid dairy products.

This text on milk lipids is the second in a series entitled Developments in
Dairy Chemistry, the first being devoted to milk proteins. The series is
produced as a co-ordinated treatise on dairy chemistry with the objective
of providing an authoritative reference source for lecturers, researchers and
advanced students. The biosynthesis, chemical, physical and nutritional
properties of milk lipids have been reviewed in eight chapters by world
experts. However, space does not permit consideration of the more prod-
uct-related aspects of milk lipids which play major functional roles in several
dairy products, especially cheese, dehydrated milks and butter.

Arising from the mechanism of fatty acid biosynthesis and export of
fat globules from the secretory cells, the fat of ruminant milks is particularly
complex, containing members of all the major lipid classes and as many as
400 distinct fatty acids. The composition and structure of the lipids of bovine
milk are described in Chapter 1, with limited comparison with non-bovine
milk fats. Since the fatty acid profile of milk fat, especially in monogastric
animals, may be modified by diet and other environmental factors, the
biosynthesis of milk lipids is reviewed in Chapter 2 with the objective of
indicating means by which the fatty acid profile, and hence the functional
properties of the lipids, might be modified. Lipids in foods are normally
present as an emulsion, stabilized by a layer of protein adsorbed at the oil-
water interface. The fat in milk and cream exists as an oil-in-water emulsion
with a unique stabilizing lipoprotein membrane, referred to as the milk fat
globule membrane (MFGM). The inner layers of the MFGM are formed
within the secretory cell and are relatively stable; however, the outer layers,
which are acquired as the fat globule is exported through the apical mem-
brane of the secretory cells, are unstable. Damage to the MFGM leads to
chemical and physical instability of the fat phase in milk and hence the

X



Preface to the First Edition Xi

structure of the membrane has been the subject of considerable research, the
results of which are reviewed in Chapter 3.

Lipids strongly influence, for good or evil, the flavour and texture of
foods, especially high-fat products such as butter. The influence of various
colloidal features of milk fat on the properties of milk and cream is con-
sidered in Chapter 4, while the crystallization of milk fat and how this may
be controlled, modified and measured are reviewed in Chapter 5. Unfortu-
nately, lipids are subject to chemical and enzymatic alterations which can
cause flavour defects referred to as oxidative and hydrolytic rancidity,
respectively. The storage stability of high-fat foods, especially mildly fla-
voured foods like milk, cream and butter, is strongly influenced by these
changes which have been reviewed in Chapters 6 and 7.

Dietary lipids play many diverse nutritional roles, some of which are
essential. However, dietary lipids, especially saturated lipids of animal ori-
gin, have been the subject of much controversy in recent years, particularly
in regard to their possible role in atherosclerosis. Various aspects of the
nutritional significance of lipids are discussed in Chapter 8.

Finally, I wish to thank sincerely the 14 authors who have contributed
to this text and whose co-operation has made my task as editor a pleasure.

P. F. Fox



Contents

1. Composition and Structure of Bovine Milk Lipids
A.K.H. MacGibbon and M.W. Taylor

L1, Introduction. . . . ...
1.2. Fatty Acids . .. ..o
1.2.1. Origins of the Fatty Acids . ... .......... ... ... .......
1.2.2. Saturated Fatty Acids . ........... ... ... ... ... ......
1.2.3. Cis-unsaturated Fatty Acids . .. .......... ... ... .......
1.2.4. Trans-unsaturated Fatty Acids . ........................
1.2.5. Minor Fatty Acids . . . . ........ ...
1.2.6. Variations in Fatty Acid Composition . . .. ................
1.3. Triacylglycerols . . ... ... ...
1.3.1. Structure of Triacylglycerols . . . .......... ... ... .......
1.3.2. Composition of Triacylglycerols . ............. ... .......
L4, Polar Lipids . . . . . . ..o
1.4.1. Composition and Structure. . . . ............. ...
1.4.2. Ceramides and Gangliosides . . . .. ............ ... .......
1.43. Health Issues. . .. ... ... . . i
1.5. Minor Constituents . . .. ...ttt
L5.1. Sterols . ..o
1.5.2. Carotenoids . . ... ... ...
1.5.3. Fat-soluble Vitamins . ............. ... ... ..
1.5.4. Flavour Compounds . .............. ...t .
1.6. Milk Fat From Different Animal Species . .....................
1.6.1. Gross Composition . . ... ... ..ottt
1.6.2. Fatty Acids . . . ... ...
1.6.3. Triacylglycerols . . .. .. ... . .
1.6.4. Polar Lipids . . ....... .. .
Bibliography . . . . .. ...

2. Milk Fat: Origin of Fatty Acids and Influence of
Nutritional Factors Thereon

D.L. Palmquist

ADSEIaCt . . o
2.1 Introduction. . . ... ... .
2.2. Origin of the Fatty Acidsin Milk Fat . ... .....................

xiii



Xiv Contents

2210 OVEIVIEW . o vttt e e e e e 45
2.2.2. Fatty Acid Transport . . ... ...t 45
2.2.3. Lipoprotein Lipase . .................c.iuiiinen... 47

2.2.4. Transport of Long-Chain Fatty Acids into Mammary Cells . . .. 48
2.2.5. Summary of the Supply of Long-Chain Fatty Acids

tothe Mammary Gland .. ........................... 50
2.3. Uptake of Non-Lipid Metabolites by Lactating
Mammary Glands . . . ... ... 51
2.4. Fatty Acid Synthesis in Mammary Glands. . ... ................ 52
2.4.1. Sources of Carbon and Reducing Equivalents for
Fatty Acid Synthesis .. ........ ... ... ... . . ... ... 52
2.4.2. Acetyl-CoA Carboxylase . ..............c0uiniinon... 55
2.4.3. Fatty Acid Synthase. . . .. ...... ... ... ... ... ... ..... 58
2.4.4. Regulation of Acyl Chain Length .. .................... 60
2.5. Stearoyl-CoA Desaturase . . . . .....cov vt i 62
2.6. Triacylglycerol Synthesis .. ......... ... ... ... ... ......... 63
2.6.1. Fatty Acid Esterification by the Monoacylglycerol
Pathway . . ... .. .. . 66
2.7. Synthesis of Complex Lipids . ............................. 66
2.7.1. Synthesis of Phospholipids . .. ........................ 67
2.7.2. Sphingolipids . . ... ... ... ... 68
2.73. Cholesterol . ........... .. . . . 68
2.8. Physiological Factors That Influence Milk Fat Composition . . . ... .. 69
2.8 1. GeNELICS . . . o vttt e 69
2.8.2. Stage of Lactation .. ................ ... 69
2.9. Effects of Dietary Fat on the Composition of Milk Fat. ... ........ 71
2.9.1. Effects of Low-fat Diets ... ......... ... ... ... ....... 71
2.9.2. Effects of Specific Fatty Acids . . . ...................... 71
2.9.3. Feeding for Specific Milk Fatty Acid Profiles . ............. 73
2.9.4. Supplementation with Oilseeds and Commercial Fats . ....... 74
2.9.5. Low Milk Fat Syndrome . ........................... 78
2.10. Milk Fat Composition and Quality . . ... ........ ... ... ....... 78
Acknowledgement . . ... ... ... 80
Bibliography . . . ... ... 80

3. Conjugated Linoleic Acid: Biosynthesis and Nutritional

Significance

D.E. Bauman and A.L. Lock

ADSIIaCt . . . o o 93
3.1, Introduction. . ... ... . 94
3.2, Dietary SOUICES . . v vt vttt e e e e e e e e 96
3.3. Analytical Challenges . . ............ ... ... ... 97

34. Originof CLAinMilk Fat . ....... ... ... ... ... ... ... ...... 99



Contents

3.4.1. Lipid Metabolism inthe Rumen . .......................
3.4.2. cis-9, trans-11 CLA (Rumenic Acid) .....................
3.4.3. trans-7, cis-9 CLA . . .. .. . . . e
3.4.4. The A’-Desaturase Enzyme System . .. ... ................
3.4.5. Other CLAISOMEIS . . . . .ottt et e e e e
3.5. Modification of CLA Contentin Milk Fat . ......... ... .. ......
3.5.1. Dietary and Nutritional Effects . . .. .....................
3.5.2. Physiological Factors . . . .......... ... ... ... ... ......
3.5.3. Manufacturing and Product Quality Considerations . .........
3.6. Biological Effects of CLA Isomers . ..........................
3.6.1. trans-10, cis-12 CLA and Lipid Metabolism . ... ............
3.6.2. Rumenic Acid and Human Health . .....................
Bibliography . . . ... ..

4. Intracellular Origin of Milk Fat Globules and the Nature
of the Milk Fat Globule Membrane

T.W. Keenan and I.H. Mather

4.1. Introduction . . .. ... ...
4.2. Intracellular Origin and Growth of Milk Fat Globules . ...........
4.3. Intracellular Transit of Lipid Droplets . ......................
4.4. Secretion of Milk Fat Globules . ...........................
4.5. Isolation and Gross Composition of MFGM . . . ................
4.6. Lipid Composition of the MFGM . .........................
4.7. Enzymes Associated withthe MFGM . ... ....................
4.8. Proteins of the MFGM . ... ... .. ... ... .. ... .. ... ... ......
4.9. Molecular Organization of the MFGM . ... ... ................
4.10. Perspectives . . . .. ov it
Acknowledgements . ... ... ... ...
Bibliography . . . ... .. e

5. Physical Chemistry of Milk Fat Globules
T. Huppertz and A.L. Kelly

S5.0. Introduction . . . ... ...
5.2. The Nature and Size Distribution of Milk Fat Globules .. ..........
5.3. Differences in the Composition of Milk Fat Globules . . .. ..........
5.4. Fat Crystalsin Globules . ............ ... ... ... .. vo....
5.5. Colloidal Interactions . . .. .. ... .. ...,
5.6. Physical Instability of Emulsions . . ............... ... ........
5.7. Separation of Milk . .. ...... ... .. .. . . . .
5.8. Cold Agglutination . . . . ........ ..t
5.9. Coalescence and Partial Coalescence . . . . ......................

XV



XVi Contents

5.10. Rebodying . .. .. ..o 190
5.11. Factors that Affect the Surface Layers of Fat Globules in
Milk and Cream . . . ... .. . 191
5.12. Disruption of Globules . .. .......... ... ... ... ... ... .. 192
5.13. Milk Fat Globules in Homogenized Milk and Cream . ............ 196
5.14. Milk Fat Globules in Recombined Milk . ..................... 198
515. Free Fat. . . ... 200
5.16. Influence of Fat Globules on Rheological Properties of
Milk and Cream . . . ... . ... 201
5.16.1. Volume Fraction of the Dispersed Phase ................ 202
5.16.2. Rheology of the Component Phases . . .. ................ 202
5.163. Droplet Size . .. ... ... .. .. 203
5.16.4. Colloidal Interactions . . . ... .........uuunnnnn... 203
5.16.5. Particle Charge . .......... ...t 203
5.17. ConClusions . . .. ... ..ot 204
Bibliography . . . . ... . 204

6. Composition, Applications, Fractionation, Technological
and Nutritional Significance of Milk Fat Globule
Membrane Material

R.E. Ward, J.B. German and M. Corredig

6.1. Introduction. . ............ . ... 213
6.2. Nutritional and Physiological Significance of the
Milk Fat Globule Membrane . . .. ........................... 214
6.2.1. Biological Significance of Native Globules . .. .............. 216
6.2.2. MFGM Consumption Studies: Physiological and
Nutritional Effects . . . . ... ... . ... ... ... .. ... 218
6.3. Composition and Bioactivity of Individual Components . . ... ....... 219
6.3.1. Phospholipids . ... ....... ... ... .. 219
6.3.2. Ceramide Sphingolipids and Glycosphingolipids . ... ......... 220
6.3.3. Proteins . ... ... ...t 223
6.3.4. Butyrophilin . .. ... .. .. 224
6.3.5. MUCINS . . . oottt 226
6.3.6. Xanthine Oxidoreductase . ... ......................... 228
6.4. Fractionation and Technological Significance of Milk Fat
Globule Membrane Material .. ... .......................... 229
6.4.1. Effect of Processing on the Composition and
Functionality of the MFGM . . . .. ...................... 230
6.4.2. Isolation of MFGM . ... ... ... ... ... . ... ... ... .. ... 232
6.4.3. Application and Utilization of MFGM as a Functional
Ingredientin Foods . . ....... ... ... .. .. .. .. .. ....... 235
6.4.4. Conclusions and Future Research Directions . . ............. 237

Bibliography . . . . .. ... 238



Contents

7. Crystallization and Rheological Properties of Milk Fat
A.J. Wright and A.G. Marangoni

7.1 Introduction. . . ...t
7.2. Crystallization of Milk Fat . ......... ... ... .. .. ... .........
7.2.1. Introduction . . .. ... ...
7.2.2. Nucleation of Milk Fat . ....... ... .. ... ... ...... ...
7.2.3. Growth of Milk Fat Crystals . .........................
7.2.4. Crystallization, Melting and Mixed Crystal Formation .. ... ...
7.2.5. Polytypism and Polymorphism . ........................
7.3. Structure and Rheology of Fat Crystal Networks. . ... ............
7.3.1. Milk Fat and Butter Crystal Networks ...................
7.3.2. Methods used to Determine the Rheological
Properties of Milk Fat . . ... ... ... ... ... ... .. .. ...
7.3.3. Rheology of Milk Fat .. .......... ... .. .. .. ... .........
7.3.4. Modeling Fat Crystal Networks and Relating Structure
toRheology .. ... ... ... ..
7.4. Modifying the Crystallization and Rheology of Milk Fat . ..........
7.4.1. Manipulations of Butter Composition . ...................
7.4.2. Manipulations During Processing . ... ...................
7.5. Some Case Studies. Milk Fat Crystallization: Structure
and Rheological Properties .. ............ ... ... ... ........
7.5.1. Effect of Cooling Rate on Milk Fat Crystallization
and Rheology . ....... ... ... ... . .. . .. . ..
7.5.2. Effect of Supplementation with Algae Meal on
Milk Fat Crystallization and Rheology . ..................
7.5.3. Effect of Minor Components on Milk Fat
Crystallization and Rheology ... ....... ... ... ... ......
7.6. ConcClusion . . .. ... .
Bibliography . . . . ... ..

8. Milk Fat: Physical, Chemical and Enzymatic Modification
M.A. Augustin and C. Versteeg

8.1. Introduction. . . ... ... . . e
8.2. Physical Modification of Milk Fat ... ........................
8.2.1. Fractionation . ............... ...,
8.2.2. Physical Blends of Milk Fat with Other Fats and Oils . . . ... ...
8.2.3. Modification of Milk Fat Properties by Addition of
Minor Lipids. . . .. ... ..
8.3. Chemical Modification of Milk Fat .. ........................
8.3.1. Hydrogenation ... .......... ... .00,
8.3.2. Chemical Interesterification ...........................

Xvii



xviii Contents

8.4. Enzymic Modification of Milk Fat . ... ....................... 316
8.4.1. Enzymic Interesterification . ... ........................ 317
8.4.2. Enzymic Hydrolysis . . .. ...... ... .. .. ... ... .. ... ... ... 321

8.5. Cholesterol Reduction . . . ........... ... ... ... ... .. 322
8.5.1. Distillation Processes . . . .......... ... ... ... ... 322
8.5.2. Supercritical CO, Extraction. . ... ...................... 323
8.5.3. Treatment with Adsorbents . .......................... 323
8.5.4. Treatment with Enzymes .. ........ ... ... ... ... ...... 324

8.6. Future Trends . ... ... ... .. .. ... 324

Acknowledgements . ... ...... ... ... ... 325

Bibliography . . . . .. ... 325

9. Chemistry and Technology of Butter and Milk Fat
Spreads

M.K. Keogh
9.1. Introduction.. . . . ... ... 333
9.1.1. Legislation . ... .. ... ... . i 333
9.1.2. Emulsion Stability . ... ....... ... ... ... ... ... .. . ... 334
9.1.3. Consumer Pressures for Change . ....................... 334
9.2. Technical Aspects of Butter Manufacture . ..................... 336
9.2.1. Chemical and Physical Principles. . . ... .................. 336
9.3. Technical Challenges in the Processing of Fat Spreads . . ........... 339
9.3.1. Rates of Microbial Growth . ......... ... ... ... ... .... 339
9.3.2. Phase Inversion . . . ........... .. 340
9.4. Technology of Spread Manufacture .. ........................ 340
9.4.1. Processing. . . . ..o ittt e 340
9.5. Fundamental Aspects of Emulsions .. ........................ 342
9.5.1. Emulsions: Theory, Rheology and Stability to Inversion .. ... .. 342
9.6. Effects of Ingredients on Emulsion Stability .................... 348
9.6.1. Fat. ... 348
9.6.2. Emulsifiers . ....... ... ... .. ... .. 350
9.6.3. Proteins . .. ... ... ...t 351
9.6.4. Hydrocolloid Stabilizers . .. .......... ... ... .......... 353
9.6.5. Sodium Chloride . . .. ... ... ... ... . 354
9.6.6. Disodium Phosphate and Trisodium Citrate . . .. ............ 354
0.6.7. PH . o 354
9.6.8. Interactions of Ingredients . ........................... 354
9.7. Interactions of Ingredients in Low-Fat Spreads . ................. 355
Bibliography . . . ... ... 357

Further Reading . . .. ... ... .. .. . . 362



Contents

10. Significance of Milk Fat in Cream Products
W. Hoffmann and W. Buchheim

10.1. Introduction . . .. ... oot
10.2. Coffee Cream . . . ... ... it e e e
10.3. Whipping Cream . . ...ttt ettt e et
10.4. Cream Liqueurs . .. ...... ...ttt
10.5. Cultured Cream . . ... ..ttt e e
Bibliography . . . .. ... . e

11. Significance of Milk Fat in Cheese
T.P. Guinee and P.L.H. McSweeney

11.1. Introduction . . . . .. ...
11.2. Effect of Fat on Cheese Composition . .......................
11.2.1. FatContent . . . .. ... .. e
11.2.2. Effect of Degree of Fat Emulsification as Influenced by
Homogenization of Milk, Cream and/or Curd . . ...........
11.3. Contribution of Fat to the Microstructure of Cheese .............
11.3.1. Microstructure of Rennet-Curd Cheese. . . .. .............
11.3.2. Microstructure of Pasteurized Processed Cheese Products
(PCPs) and Analogue Cheese Products (ACPs) . ...........
11.3.3. Effect of Fat Level on Microstructure. . .. ...............
11.3.4. Effect of Fat Emulsification on Microstructure. . . .. ........
11.3.5. Effect of Fat on Heat-induced Changes in
MICIOSIIUCTUL® . . . . . o oottt e e e e e et e e
11.4. Effect of Fat on Cheese Yield . . ... ....... ... ... ... ... .....
11.5. Effect of Fat on Cheese Microbiology . . ... ...................
11.6. Effect of Fat on Proteolysis . ............... ... ...........
11.6.1. Primary Proteolysis . ........... ... ... ... . ... ......
11.6.2. Secondary Proteolysis . . ... ......... .. ... ... ...
11.7. Contribution of Lipolysis and Catabolism of Free Fatty
Acids (FFA) to Cheese Flavor .. ......... ... ... ... ... .....
T1.7.00 LAPOLYSIS « o o oottt e
11.7.2. Metabolism of Fatty Acids . .. .......................
11.8. Effect of Fat on the Fracture-Related Properties of
Unheated Cheese . ............ .. ... i,
11.8.1. Effect of Fat Content on Fracture Properties .............
11.8.2. Effect of Solid-to-Liquid Fat Ratio on Fracture
Properties . .. ... ... ... ...
11.8.3. Effect of Homogenization of Milk or Cream, and Degree
of Fat Emulsification on Fracture Properties. . ............
11.9. Effect of Fat on the Functional Properties of Heated Cheese . . . . . . ..
11.9.1. Effect of Fat Level on Cooking Properties ...............

Xix



XX Contents

11.9.2. Effect of Milk Homogenization and Degree

of Fat Emulsification . ............ ... ... ... ....... 425

11.9.3. Effect of Milk Fat Fraction on Cooking
Properties . ... ... .. .. 427
Bibliography . . . . .. ... 428

12. Ice Cream

H.D. Goff
12.1. Overview of Ice Cream Ingredients and Manufacture . . ........... 441
12.2. Sources of FatinIce Cream . . .. ........ ... ... ... ......... 443
12.3. Contribution of Fat to the Structure of Ice Cream .. ............. 444
12.4. Contribution of Fat to Ice Cream Texture and Flavor ............ 447
Bibliography . . . . .. ... 448
13. Significance of Milk Fat in Milk Powder
N.Y. Farkye
13.1. Introduction . . . . ... .. 451
13.2. Overview of Milk Powder Manufacture. . . .. .................. 452
13.3. Significance of Milk Fat during Powder Manufacture . . .. ......... 455
13.4. Significance of Milk Fat for the Flavor of Milk Powder ........... 457

13.4.1. Effect of Pre-heat Treatment on Oxidative Stability .. ....... 457

13.4.2. Influence of Moisture Content and Water Activity on the

Oxidation of Fatin Milk Powder . . .. .................. 458
13.4.3. Effect of Oxygen Content and Packaging the Oxidation
of Fatin Milk Powder ......... ... ... ... ... ....... 458

13.4.4. Lipid Oxidation Products ... ........ ... ... ... ...... 460
13.5. Role of Fat in the Physical Properties of Milk Powder . ........... 461
Bibliography . . . ... ... 462
14. Significance of Milk Fat in Infant Formulae
G. Hendricks and M. Guo
14.1. The Nutritional Role of Lipids . . .. ............. ... ... ..... 467
14.2. Fatty Acid Profile and Fat-Soluble Vitamins of Human Milk

and Infant Requirements . .. ... ........ ... .. .. ... .......... 469
14.3. Biological Benefits of Milk Fatty Acids . ... ................... 473
14.4. Formulation of Infant Formula Using Milk Fat as an Ingredient. . . . . 473
14.5. SUMMATY . . ..ot e e e e e 476

Bibliography . . . . ... .. 477



Contents XXi

15. Lipolytic Enzymes and Hydrolytic Rancidity
H.C. Deeth and C.H. Fitz-Gerald

SUMMATY . . ot e e e 481
15.1. Introduction . . . . ... ... . 481
15.2. The ENzZymes . . . ... ...ttt e e e e e e 483
15.2.1. Cows’ Milk Lipase . .. ... 483
15.2.2. Human Milk Lipases .. ... ......................... 486
15.2.3. Milk Lipases of Other Species . ... .................... 487
15.2.4. Esterases of Cows’ Milk . ........... ... ... ...... ... 489
15.2.5. Lipases of Psychrotrophic Bacteria. .. .................. 490
15.2.6. Phospholipases. . . . ............ .. 494
15.2.7. Lipolytic Enzymes in Milk Product Manufacture. . ......... 495
15.3. Causes of Hydrolytic Rancidity in Milk and Milk Products . ........ 496
15.3.1. Induced Lipolysis . . . . ... ... 497
15.3.2. Spontaneous Lipolysis . ............ ... ... ......... 501
15.3.30 MaStitis . . . o oottt e e 508
15.3.4. Microbial Lipolysis . ............ ... ... ... .. 509
15.4. Detrimental Effects of Lipolysis in Milk and Milk Products ........ 511
15.4.1. Flavor Defects . . . . ... ... ... 511
15.4.2. Technological Consequences . . ... ............uouuun... 516
15.5. Beneficial Effects of Lipolysis in Milk and Milk Products . ......... 517
15.5.1. Production of Desirable Flavor .. ... .................. 517
15.5.2. Digestionof Milk Fat. ... ........ ... ... ... ........ 518
15.6. Analytical Methods . . .. ... ... ... ... ... .. ... 519
15.6.1. Free Fatty Acids . .. ...... ... ... . . ... ... 519
15.6.2. Lipase ACtivity. . .. .. ... i 524
15.7. Prevention of Hydrolytic Rancidity. . ... ..................... 529
Bibliography . . . . .. ... 530

16. Lipid Oxidation
T.P. O’Connor and N.M. O’Brien

16.1. Introduction . . . . ... ... . 557
16.2. Mechanism of Lipid Autoxidation .......................... 558
16.3. Oxidation Products and Off-Flavors . ........................ 559
16.3.1. Spontaneous Oxidationin Milk . . ..................... 561
16.4. Factors that Affect the Oxidation of Lipids in Milk
and Milk Products .. ... ... ... ... . ... 563
16.4.1. OXYZEN . . . .ot 564
16.4.2. Light. .. ... . 568
1643, Metals. . ... ..ot 570
16.5. Antioxidants. . . . ... .. ... 572

16.5.1. Ascorbic Acid ... ... ... . .. ... 573



xxii Contents
16.5.2. Tocopherols. . . ......... . i 574
16.5.3. Carotenoids . . . . ... ...t 575
16.54. Thiols . . .. . .o 576
16.5.5. Proteinsand Enzymes. . ............................ 571
16.5.6. Products of Browning Reactions . ..................... 579

16.6. Milk Fat Globule Membrane MFGM). ... ................... 580

16.7. Storage Temperature . . . .. .. .. .o v vt 582

16.8. Water ACtIVILY . . . .ottt e e e 582

16.9. Measurement of Lipid Oxidation . .......................... 583

Bibliography . . . . ... .. 585

17. Nutritional Significance of Milk Lipids

P.W. Parodi

17.1. Introduction . . . . . . oottt e e 601

17.2. Dietary Fat and Obesity . ............. . ... 602
17.2.1. Randomised Control Trials . . ... ..................... 603
17.2.2. Safety of Low-Fat, High-Carbohydrate Diets . ............ 603
17.2.3. Energy Valueof Milk Fat . . . ........ ... ... ... ...... 603

17.3. Dietary Fatand Cancer . . ... ......... ... ... . ..., 604
17.3.1. Colon Cancer . ......... ... 605
17.3.2. Breast Cancer .. ........ ...t 606
17.3.3. Prostate Cancer . .. ... ... ......uuimeuneennennn... 607
17.3.4. Comment . .... ...ttt 608

17.4. Milk Fat and Coronary Heart Disease . ...................... 608
17.4.1. Plasma Cholesteroland CHD ... ..................... 609
17.4.2. Saturated Fatty Acidsand CHD ...................... 610
17.4.3. Dietary Cholesteroland CHD ... ..................... 612
17.4.4. Intervention Studies for CHD Prevention . .. ............. 613
17.4.5. Comment . . ...t 614

17.5. Trans Fatty Acidsand CHD ... ........ ... ... ... ... ...... 615
17.5.1. Clinical Studies . ......... ... .. ... 615
17.5.2. Epidemiological Studies . ........................... 616
17.5.3. Biological Explanation for the Disparate Effects . .......... 616
17.5.4. RA and Atherosclerosis . .. ......... ... ... ... ...... 617

17.6. Anti-Cancer Agentsin Milk Fat . .. ............. ... ... ..... 618
17.6.1. Rumenic Acid .. ....... ... .. 619
17.6.2. Sphingolipids and Colon Cancer . ..................... 622
17.6.3. Butyric Acid .. ... ... . 625
17.6.4. 13-Methyltetradecanoic Acid . . . ...................... 628
17.6.5. Ether Lipids . ... ... ... . . ... .. 628
17.6.6. Cholesterol . ... ....... ... 628

17.6.7. B-Carotene and Vitamin A . . ........................ 629



Contents xxiii

17.6.8. Vitamin D and its Metabolites. . . . ... ................. 630
17.6.9. Anti-Cancer Agents from Feed . ................... ... 630
17.6.10. Milk Fatand Cancer ................ ... o..... 631
17.7. Other Nutritional Benefits . ... ........ .. .. .. .. .. ... ....... 631
17.8. ConcClusions . . . ... ... .. .. e 632
Bibliography . . . .. ... . e 633

18. Oxysterols: Formation and Biological Function
P.A. Morrissey and M. Kiely

18.1. Introduction . . . . .. ... . 641

18.2. Formation of Oxysterols ... ............. ... ..., 642

18.2.1. Cholesterol Autoxidation ........................... 643

18.2.2. Initiation of Cholesterol Oxidation. . . .. ................ 652

18.3. Oxysterols in Food Products . ............................. 653

18.3.1. Oxysterols in Dehydrated Systems . . ................... 655

18.3.2. Oxysterols in High-Fat Products . ... .................. 656

18.3.3. Other Factors Involved in Oxysterol Formation ........... 657

18.4. Sources of Oxysterols In Vivo . . ... ... . ... 657

18.4.1. Absorption of Dietary Oxysterols ..................... 658
18.4.2. Oxysterols Formed Endogenously by

Nonenzymatic Oxidation . .......................... 659

18.4.3. Oxysterols Formed Enzymatically ..................... 661

18.5. Biological Effects of Oxysterols . ........................... 662

18.5.1. Effects of Oxysterols on Cell Membranes . ............... 662

18.5.2. Oxysterols and Apoptosis . . . ... ..ot 663

18.5.3. Oxysterols and Atherosclerosis . ...................... 665

18.6. COonNCIUSIONS . . o v vttt e et e 667

Bibliography . . . . .. ... 667

19. High Performance Liquid Chromatography and Gas
Chromatography Methods for Lipid Analysis

K.N. Kilcawley

19.1. Introduction . . . . ... ... . 675
19.2. Quantification of FFAs . ... ... ... ... ... . ... . ... .. ... ... 676
19.2.1. Gas Chromatography . . ... ......... ... ... ..o ... 676
19.2.2. High Performance Liquid Chromatography .............. 678
19.2.3. Isolation of FFA .. ... ... ... .. ... .. ... . . 679
19.24. GC Analysis .. ....... . 683
19.2.5. HPLC Analysis . ... ....... .00, 685

19.2.6. Conjugated Linoleic Acid . ... ........ ... ... ... ..... 686



XXiv Contents

19.3. Lipid-Derived Volatile Aroma and Flavor Compounds. . .......... 687
19.3.1. Gas Chromatography Mass Spectrometry . ............... 687
19.3.2. Isolation and Concentration of Volatile

Lipid-Derived Components . . . .. .............c........ 688

19.4. Tri-, Di- and Mono-Acylglycerols . . . . ....... ... ... ... ...... 690

19.5. Chromatographic Methods for the Analysis of
Lipolytic ACtIVItY . .. .. ... it 692

Bibliography . . . ... ... 692

20. Spectroscopic Techniques (NMR, Infrared and
Fluorescence) for the Determination of Lipid Composition
and Structure in Dairy Products

E. Dufour
20.1. Spectroscopic Techniques Used to Study Fats in Dairy Products . . . . . 697
20.1.1. Infrared SpectrosCopy . . . . oo oo i vttt e 697
20.1.2. Fluorescence SpectrosCoOpY . . .o oo v v ie e ie e 698
20.1.3. Nuclear Magnetic Resonance ........................ 700
20.2. Characterization of Dairy Products, Including Cheeses . . . ......... 701
20.2.1. Direct Determination of the Concentrations of
Different Compounds . .. ......... ... ... ... ... ..... 701
20.2.2. Direct Determination of the Structure of Fats
inDairy Products . . .. ........ ... ... ... .. .. ... ... .. 702
20.3. Conclusion . . . . ..ot 705
Bibliography . . . . ... .. 706

21. Applications of Ultrasound to Analysis/Quantitation
of Dairy Lipids
M.J.W. Povey and R.E. Challis

21.1. Introduction . . .. ... . 709
21.2. Theory of Ultrasound Propagation through Solid and
Liquid Lipids . . . .. .. o 711
21.2.1. Introduction . .. ... 711
21.2.2. Physical Determinants of Attenuation, Phase
and Group Velocity . ....... ... .. ... .. ... 712
21.3. Ultrasound Methods for Characterizing Dairy Lipids . . .. ......... 716
21.3.1. Tracking Crystallization . ........................... 716
21.4. Conclusions . ... ... .ot e 720
Acknowledgements . ... ...... ... ... 721

Bibliography . . . . .. ... 721



Contents XXV

22. Physical Characterization of Milk Fat and Milk Fat-Based
Products

0.J. McCarthy

22.1. Introduction . . . .. ... o 725
22.2. Thermal Properties: Phase Change Behavior . .................. 726
22.2.1. Melting and Solidification Points: Introduction . . ... ... ... 726
22.2.2. Melting Points . . . .......... ... ... .. 726
22.2.3. Solidification Point . . .. . ... ... ... ... 729
2224, Dilatometry . . .. ... 729
22.2.5. Nuclear Magnetic Resonance ....................... 731
22.2.6. Differential Scanning Calorimetry . ................... 731
22.2.7. X-Ray Diffraction (XRD) . .. ........ ... ... ... ..... 740
22.2.8. Combined DSCand XRD ......................... 745
22.29. Coupled DSCand XRD . .. ...... ... ... ... ... ..... 746
22.3. Thermal Properties: Critical Temperatures. . .. ................. 750
22.4. Rheological Properties. . . . ...t 751
22.4.1. Introduction . ......... ... ... 751
22.4.2. Rheological Behavior and Material Classification ......... 751
22.4.3. Rheological Characterization of Materials .............. 752
22.4.4. Viscometers and the Measurement of Fundamental
Viscous Properties .. ............ ... ... ... . ... ... 753
22.4.5. Solids Rheometers and the Measurement of
Fundamental Elastic Properties . .. ................... 756
22.4.6. Measurement of Linear Viscoelastic Properties . .......... 759
22.4.7. Measurement of Nonlinear Viscoelastic Properties. . .. ... .. 760
22.4.8. Measurement of Extensional Viscosity . ................ 761
22.4.9. Application of Rheological Techniques to Milk Fat and
Milk Fat-Based Dairy Products . . . ................... 762
22.5. DENSItY . o o ot 765
22.6. Electromagnetic Properties. . . .. ........... ... 766
22.6.1. Refractive Index. . .. ........ ... ... ... ... ... .. ... 766
22.6.2. Color . . .. 767
22.6.3. Dielectric Properties . .. ......... ... ... ... ... ... .. 768
22.6.4. Electrical Conductivity . .. ......................... 770
22.7. Functional Properties ... ........... ... . ... 770
22.7.1. Milk Fatand Butter . . ............................ 771
2272 Tce Cream . .. .o v et e 771
22.7.3. Chocolate . .......... .. 771
22.7.4. Whole Milk Powders . ......................... ... 771
Acknowledgements . ... ... ... ... 772
Bibliography . . . . ... .. 772



Composition and Structure of
Bovine Milk Lipids

A.K.H. MacGibbon and M.W. Taylor

1.1. Introduction

The lipids in bovine milk are present in microscopic globules as an oil-
in-water emulsion. The primary purpose of these lipids is to provide a source
of energy to the newborn calf. Both the fat content of the milk and the fatty
acid composition of the lipids can vary considerably as a result of changes in
factors like breed of cow, diet and stage of lactation. The fat content can
vary from about 3.0 to 6.0%, but typically is in the range 3.5 to 4.7%.
Changes in the composition of the fatty acids (e.g., 16:0 and 18:1) can be
quite marked and can lead to changes in physical properties of the fat. These
changes make comparison difficult between different samples of milk fat,
and ideally comparisons should be made between cows in mid-lactation and
fed on similar diets. From a practical viewpoint, milk lipids are very import-
ant as they confer distinctive nutritional, textural and organoleptic proper-
ties on dairy products, such as cream, butter, whole milk powder and cheese.

The composition and structure of bovine milk fat have been reviewed
extensively. There are early reviews by Morrison (1970), Christie (1978, 1995),
Jensen and Clark (1988), and Jensen and Newberg (1995); recent articles include
a comprehensive review of recent research by Jensen (2002) and two book
chapters by Vanhoutte and Huyghebaert (2003), and Zegarska (2003). Bovine
milk lipids are similar to the milk lipids of other species as they are largely
composed of triacylglycerols; however, there are also minor amounts of diacyl-
glycerols, monoacylglycerols, free (unesterified) fatty acids, phospholipids and

A.K.H. MacGibbon « Fonterra Co-Operative Group Ltd., Dairy Farm Road, Private Bag
11029, Palmerston North, New Zealand. M.W. Taylor -« Institute of Food Nutrition and
Human Health, Massey University, PO Box 11222, Palmerston North, New Zealand.
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Table 1.1. Main classes of lipids in milk?®

Lipid class Amount (%, w/w)
Triacylglycerols 98.3
Diacylglycerols 0.3
Monoacylglycerols 0.03

Free fatty acids 0.1
Phospholipids 0.8
Sterols 0.3
Carotenoids trace
Fat-soluble vitamins trace
Flavour compounds trace

# Walstra and Jenness (1984)

sterols. Trace amounts of fat-soluble vitamins, B-carotene and fat-soluble
flavouring compounds are also present in the bovine milk lipids (Table 1.1).

Because the triacylglycerols account for about 98% of the total fat,
they have a major and direct effect on the properties of milk fat, for example
hydrophobicity, density and melting characteristics. These triacylglycerols
are a complex mixture, and vary considerably in molecular weight and
degree of unsaturation. After milking, fresh milk contains only small
amounts of diacylglycerols and monoacylglycerols and free fatty acids.
The small proportion of diacylglycerols are largely sn-1,2 diacylglycerols
and are, therefore, probably intermediates in the biosynthesis of triacylgly-
cerols rather than the products of lipolysis (Lok, 1979). The profile of free
fatty acids in freshly-drawn milk differs somewhat from the profile of the
fatty acids esterified to the triacylglycerols (e.g., there appears to be very
little free butanoic acid), also indicating that they are unlikely to be the result
of lipase action (Walstra and Jenness, 1984).

Phospholipids account for only 0.8% of milk lipids. However, they
play a major role in milk due to their amphiphilic properties. About 65% of
them are found in the milk fat globule membrane (MFGM), whereas the
rest remain in the aqueous phase. Phosphatidyl choline, phosphatidyl etha-
nolamine and sphingomyelin are the major phospholipids of milk, which
together comprise about 90% of the total. Sterols are also a minor compon-
ent, comprising about 0.3% of the fat; cholesterol, being the principal sterol,
accounts for over 95% of the total sterols.

Milk fat is present in spherical droplets, which range from about 0.2 to
15.0 pm in diameter, with the bulk of the fat being in globules 1.0 to 8.0 pm
diameter. The MFGM, which envelopes the fat globule, consists largely of
proteins and lipids. The protein of the membrane has a complex composition
and over 40 polypeptides have been identified. Xanthine oxidoreductase,
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0.4
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Figure 1.1. Melting profile of New Zealand milk fat, determined by differential scanning
calorimetry (MacGibbon, 1988).

butyrophilin, PAS 6 and PAS 7 are found to be the major proteins. The lipids
in the membrane are largely phospholipids and triacylglycerols. In contrast to
the MFGM, the fat globule core almost exclusively consists of triacylglycerols
(Keenan and Dylewski, 1995; see Chapter 4, Keenan and Mather).

The chemical properties of milk lipids can have a considerable influence
on the melting characteristics of milk fat, which in turn can have a marked
effect on the functional properties of a number of dairy products, such as
cheese and butter (Chen et al., 2004). Milk fat melts over a wide range, from
about —35°C to 38°C (Figure 1.1). There is a small broad peak centred at
about 7°C, a major melting peak at about 17°C, and a plateau from 22°C to
36°C. It can be seen that a substantial proportion of milk fat melts between
10°C and 20°C. This broad melting range is directly attributable to the large
number of different types of triacylglycerols present in the milk fat.

1.2. Fatty Acids

Bovine milk fat is regarded as one of the most complex naturally-occurring
fats and oils, because of the large number of fatty acids with a variety of
structures. Using a combination of chromatographic and spectroscopic
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techniques, researchers have identified approximately 400 fatty acids in
milk fat. A listing of the various types of fatty acids has been compiled by
Jensen (2002). The vast majority of these acids are present in extremely
small quantities (<0.01%). However, there are about 15 fatty acids that are
present at or above 1.0% concentration. The quantities of these “major”
fatty acids are determined relatively easily by capillary gas chromatography
(GCO) (IDF, 2002). Percentages for these fatty acids in milk fat are shown in
Table 1.2. The typical values are for cows in mid-lactation, grazing on
mature pasture. The range of values is for the dairying season in New
Zealand, where cows graze on pasture throughout the year.

1.2.1. Origins of the Fatty Acids

The fatty acids of bovine milk fat arise from two sources: synthesis de
novo in the mammary glands and the plasma lipids originating from the feed.
The fatty acids from these two sources differ in their structure. The fatty
acids that are synthesised de novo are short-chain and medium-chain length
acids, from 4:0 to 14:0 and also some 16:0, while the C;g fatty acids and some
16:0 arise from the plasma lipids. De novo fatty acid synthesis accounts for
approximately 45% (w/w) of the total fatty acids in milk fat, while lipids of
dietary origin account for the rest (Moore and Christie, 1979).

The de novo synthesis of fatty acids in the mammary gland utilizes mainly
acetate and some B-hydroxybutyrate. These precursors arise from the micro-
bial fermentation of cellulose and related materials in the rumen. Once in the
mammary gland, acetate is activated to acetyl-CoA. The mechanism of fatty
acid synthesis essentially involves the carboxylation of acetyl-CoA to malonyl-
CoA, which is then used in a step-wise chain elongation process. This leads
to a series of short-chain and medium-chain length fatty acids, which differ by
two CH; groups (e.g., 4.0, 6:0, 8:0, etc.) (Hawke and Taylor, 1995). These are
straight-chain, even-numbered carbon fatty acids. However, if a precursor such
as propionate, valerate or isobutyrate, rather than acetate, is used, branched-
chain or odd-numbered carbon fatty acids are synthesised (Jenkins, 1993; see
Chapter 2).

Other fatty acids originate mainly from the source of diet, although
these include fatty acids that can also be released from adipose tissues.
Dietary lipids consist largely of glycolipids, phospholipids and triacylglycer-
ols, and the major fatty acids are linoleic acid (9¢, 12¢-18:2) and linolenic
acid (9¢, 12¢, 15¢-18:3). In the rumen, these lipids are hydrolyzed initially to
produce non-esterified fatty acids, which are then subjected to extensive
biohydrogenation by micro-organisms (Jenkins, 1993). The biohydrogena-
tion sequence for linoleic acid begins with an isomerisation step, which
produces conjugated linoleic acid (9¢, 11¢-18:2). This is followed by a



Composition and Structure of Bovine Milk Lipids 5

reduction reaction to give vaccenic acid (11¢-18:1), and then a further
reduction to 18:0. Biohydrogenation of linolenic acid follows a similar
pathway (Bauman et al., 1999; see Chapter 3, Bauman & Lock). The mix
of fatty acids that results from biohydrogenation is esterified to triacylgly-
cerols, which then circulate in the bloodstream within chylomicrons. These
triacylglycerols are taken up by the mammary gland and cleaved to give non-
esterified fatty acids. The mammary gland contains a desaturase system,
which converts substantial quantities of 18:0 to oleic acid (9¢-18:1).

The net result of these processes is that the fatty acids in the mammary
gland, which originate from the dietary lipids, consist of substantial quan-
tities of 16:0, 18:0 and oleic acid, small amounts of linoleic and linolenic
acids, and limited quantities of other monoenoic and dienoic fatty acids such
as 11#-18:1 and 9c¢, 11#-18:2.

1.2.2. Saturated Fatty Acids

The saturated fatty acids that are present in significant quantities in milk
fat are molecules with un-branched hydrocarbon chains, which vary in length
from 4 to 18 carbon atoms. These fatty acids account for approximately 70 to
75% of the total fatty acids. The most important saturated fatty acid from a
quantitative viewpoint is 16:0, which accounts for about 25 to 30% of the total,
while two other fatty acids, 14:0 and 18:0 have values in the region 10 to 13%
(Table 1.2). The amounts of the short-chain fatty acids, 4:0 and 6:0, are
reasonably high when their proportions are expressed as molar percentages
(approximately 10 and 5%, respectively—Table 1.2); appreciable amounts of
medium-chain length fatty acids (Cg to Cy) are also present.

Short-chain and medium-chain fatty acids in milk fat have certain
interesting characteristics, which may explain some of the reasons for their
presence. Unlike long-chain fatty acids, short-chain and medium-chain fatty
acids are absorbed as non-esterified fatty acids into the portal bloodstream
and are metabolised rapidly in the liver (Noble, 1978). Hence, they are able
to make a direct and rapid contribution to the energy metabolism of the
new-born calf. Furthermore, short-chain fatty acids and, to a lesser extent,
medium-chain fatty acids lower the melting point of triacylglycerols and,
thus, their presence helps keep milk fat liquid at physiological temperatures.
This helps in compensating the relatively low concentration of low melting
point, unsaturated fatty acids in milk fat.

1.2.3. Cis-unsaturated Fatty Acids

The cis-monoenoic acid content of bovine milk fat is about 18 to 24%
(Table 1.2). Oleic acid (9¢-18:1) is the principal cis-monounsa-
turated fatty acid, accounting for around 15-21% of the total. There is
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Table 1.2. Major fatty acids in bovine milk fat

Composition
Typical® Range®™®
Common Name Yo(Wiw) mol % Yo(WIw)
4:0 Butyric 39 10.1 3.1-44
6:0 Caproic 2.5 4.9 1.8-2.7
8:0 Caprylic 1.5 24 1.0-1.7
10:0 Capric 32 43 2.2-3.8
12:0 Lauric 3.6 4.1 2.64.2
14:0 Myristic 11.1 11.1 9.1-11.9
14:1 Myristoleic 0.8 0.8 0.5-1.1
15:0 - 1.2 1.1 0.9-1.4
16:0 Palmitic 27.9 24.9 23.6-31.4
16:1 Palmitoleic 1.5 1.4 1.4-2.0
18:0 Stearic 12.2 9.8 10.4-14.6
18:1 cis Oleic 17.2 13.9 14.9-22.0
18:1 trans 39 32
18:2 Linoleic 1.4 1.1 1.2-1.7
18:2 conj Conjugated Linoleic acid 1.1 0.9 0.8-1.5
18:3 a Linolenic 1.0 0.8 0.9-1.2
Minor acids 6.0 5.1 4.8-7.5

# Creamer and MacGibbon (1996).
® MacGibbon (unpublished).
¢ Range of values for dairying season.

about 0.5% of 11¢-18:1, while the proportions of other cis-18:1 isomers are
small. There are also relatively small but significant contributions from other
cis- monounsaturated acids, namely 14:1 (about 1.0%) and 16:1 (about
1.5%).

Cis-polyenoic acids are present at low concentrations in milk fat,
because of the biohydrogenation reactions that take place in the rumen.
These acids are comprised almost exclusively of linoleic acid (9¢, 12¢-18:2),
about 1.2 to 1.7% and a-linolenic acid (9¢, 12¢, 15¢-18:3), about 0.9 to 1.2%
(Table 1.2). These two fatty acids are essential fatty acids; they cannot be
synthesised within the body and must be supplied by the diet. In recent
times, the usage of the term “‘essential’ has been extended to include deriva-
tives of these fatty acids, which are not synthesised in significant quantities
(e.g., eicosapentaenoic acid, 20:5 and docosahexaenoic acid, 22:6). The
proportion of a-linolenic acid appears to be affected by the cow’s diet; the
concentration is higher in milk from pasture-fed cows than in milk from
barn-fed cows (Hebeisen et al., 1993; Wolff ef al.,1995). In the case of linoleic
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Table 1.3. Concentration of frans-octadecenoic acids in bovine milk fat®

Trans-octadecenoic acid isomers

Composition (% (w/w) of total fatty acids)

A4 A5 A6-8 A9 A10 All Al2 Al13/14 Al5 Al6 Total

Mean value 0.05 0.05 0.17 024 0.17 175 0.21 0.48 028 034 374
Max value  0.13 0.12 030 031 026 4.00 0.31 0.73 047 051 6.34
Min value 0.02 0.02 0.03 0.16 0.00 052 0.11 0.25 0.10 0.16 1091

@ Precht and Molkentin (1996); 100 samples were analyzed.

acid, the picture is less clear with differing trends being reported by the two
research groups.

1.2.4. Trans-unsaturated Fatty Acids

The presence of C;g trans-fatty acids in milk fat is the result of incom-
plete biohydrogenation of the unsaturated dietary lipids in the rumen. These
fatty acids have attracted attention because of their adverse nutritional
affects. Clinical trials have shown that trans-octadecenoic acids, relative to
the cis isomer, can increase the LDL-cholesterol and decrease the HDL-
cholesterol, thus, producing an unfavourable affect on the LDL:HDL ratio
(Mensink and Katan, 1993).

The quantitative determination of individual isomers of frams-18:1
fatty acids in milk fat is not straightforward. It involves a multi-stage
analytical procedure (i.e., transesterification of milk fat, argentation TLC
of the fatty acid esters to separate the cis-isomers and trans-isomers,
followed by capillary GC). This method gives an almost complete separation
of the 13 individual ftrans-18:1 isomers, from A4 to Al6 (Precht and
Molkentin, 1996).

Vaccenic acid (11¢#-18:1) is the most important trans isomer with values
ranging from about 30 to 60% of the total trans-18:1 (Table 1.3).
The concentration of trans-18:1 varies considerably from about 2.0 to 6.0%,
with mean values for milk fats from several European countries in the
range 3.3 to 4.4% (Precht and Molkentin, 2000). The higher values are for
milk fat samples that were obtained from cows fed on summer pasture,
whereas the lower values were associated with the feeding of concentrates
and silage to cows in the winter. The feeding of fresh grass to cows appears
to reduce the efficiency of the biohydrogenation reactions in the rumen,
which leads to higher amounts of zrans fatty acids.
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Although the level of trans-18:1 in milk fat is significant, it is found well
below the level that is present in some margarines. In a study of Canadian
margarines, Ratnayake and Pelletier (1992) found that the concentration of
trans-18:1 ranged from 7 to 35% for soft margarines, and from 25 to 42% for
hard margarines. These trans acids are the result of partial hydrogenation of
vegetable oils to produce a hard stock for use in semi-solid fat products, such
as margarine and confectionery.

Precht and Molkentin (1997) have identified and quantified a number
of trans-octadecadienoic acids in milk fat, containing one or two trans-
double bonds (Table 1.4). Most of these acids are present in small amounts,
with only 117, 15¢-18:2 (0.33%) and 9¢, 11#-18:2 (0.85%) having average
concentrations above 0.30%. These frans-octadecadienoic acids show con-
siderable variation; for instance, 9¢, 11¢ 18:2 ranges from 0.25 to 1.95%.
Similar to trans-octadecenoic acids, pasture feeding produces higher levels of
trans-octadecadienoic acids compared to the feeding of mixed rations.

9¢, 11¢-18:2 is the principal isomer of the conjugated linoleic acids (CLA)
in bovine milk fat, accounting for about 80-90% of the total (Parodi, 1977).
The term CLA refers to a mixture of positional and geometric isomers of
octadecadienoic acid with conjugated double bonds (e.g., 10z, 12¢-18:2, 10¢,
12¢-18:2). The CLA content of milk fat is derived from two related sources.
First, 9¢, 11#-18:2 is an intermediate product of the biohydrogenation of fatty
acids in the rumen. In addition, 11#-18:1 can be converted to 9¢, 11¢-18:2 in the
mammary gland by the enzyme stearoyl-CoA desaturase (SCD), which nor-
mally catalyzes the conversion of 18:0 to 9¢-18:1 (see chapter 3).

The presence of 9¢, 11#-18:2 in bovine milk fat has been known
for several years (Parodi, 1977). However, it was only after Ha ez al.

Table 1.4. Concentration of trans-octadecadienoic acids in bovine milk fat®

Composition (%, w/w, of total fatty acids)

Trans-18:2 isomers n Mean Max Min
9¢, 11£-18:2 100 0.85 1.95 0.25
9c, 12¢-18:2 100 0.10 0.16 0.05
9t, 12¢-18:2 100 0.07 0.48 0.02
9¢, 131-18:2 11 0.11 0.16 0.07
81, 12¢-18:2

11¢, 15¢-18:2 100 0.33 0.68 0.04
9t, 12¢ -18:2 11 0.09 0.12 0.06
t, t,-NMID" 11 0.19 0.38 0.10

# Precht and Molkentin (1997).
® NMID - Non-methylene interrupted diene.
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(1987) identified 9¢, 11#-18:2 as an anti-carcinogenic substance in minced
beef that there was an upsurge in scientific investigations. In subsequent
work, the health implications of CLA have widened to include inhibition
of carcinogenesis, atherosclerosis, diabetes and weight loss induced by
immune stimulation; and increase in the percentage of lean body mass
(Parodi, 1999). These studies have shown that CLA can be regarded as
unique, because it appears to provide numerous positive health effects
unlike other zrans acids. This research is discussed in Chapter 3 (Bauman
and Lock).

An important structural difference between cis-unsaturated and trans-
unsaturated fatty acids is that the cis configuration of the double bond puts a
significant “kink” in the hydrocarbon chain, whereas the trans configuration
causes only a slight distortion. This difference has a major impact on the way
in which triacylglycerols pack in crystal lattices when they solidify. Triacyl-
glycerols containing cis-unsaturated fatty acids have a lower packing densi-
tiy than triacylglycerols containing either trans-unsaturated or saturated
fatty acids, and as a result have lower melting points. Thus, the relative
levels of cis-unsaturated and frans-unsaturated fatty acids can exert a con-
siderable influence on the melting characteristics of milk fat.

1.2.5. Minor Fatty Acids

As noted earlier, there are approximately 400 minor fatty acids in
bovine milk fat; about 40 are present at levels >0.01% (Table 1.5), while the
remainder exist in trace amounts. Most of these fatty acids are of little practical
importance and, hence, their nature and structure is of academic interest only.

Among the minor saturated fatty acids are branched-chain and odd-
numbered carbon fatty acids with a range of chain length from C; to Cs;.
Examples of odd-numbered fatty acids are 13:0 (0.19%), 17:0 (0.6%) and
19:0 (0.15%) (Table 1.5). The monomethyl branched-chain fatty acids are
quite significant, accounting for about 2.5% of the total fatty acids. Ex-
amples are the C;5 branched-chain fatty acids, 13-methyl tetradecanoic acid
(the iso configuration) and 12-methyl tetradecanoic acid (the anteiso con-
figuration), which together make up about 0.8% of milk fat (Table 1.5).

There are about 200 minor monoenoic, dienoic and polyenoic fatty
acids in milk fat ranging in chain length from C;( to Cy4, and consisting of
both positional and cis/trans isomers. A number have considerable nutritional
significance; for example, eicosapentaenoic acid (20:5, 0.09%) and docosahex-
aenoic acid (22:6, 0.01%) are present in the metabolic pathway of the n-3 fatty
acids, while arachidonic acid (20:4, 0.14%) is part of the n-6 pathway.

Jensen (2002) has reported that milk fat contains about 60 hydroxy
fatty acids. The C4-hydroxy and Cs-hydroxy acids are of interest as they
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Table 1.5. Minor fatty acids in bovine milk fat®

Composition (%, w/w, of total fatty acids)

Saturated Unsaturated

Straight-chain Branched-chain® Monounsaturated Polyunsaturated
FA Yo(wiw) FA Yo(wiw) FA Yo(wiw) FA Yo(wiw)
11:0 0.20 13:0i 0.03 10:1 0.15 20:2 0.07
13:0 0.19 14:0a 0.02 12:1 0.06 20:3 0.10
17:0 0.60 15:01 0.40 13:1 0.03 20:4 0.14
19:0 0.15 15:0a 0.44 17:1 0.36 20:5 0.09
20:0 0.35 16:0i 0.40 19:1 0.16 22:2 0.04
21:0 0.04 17:0i 0.50 20:1 0.32 22:3 0.07
22:0 0.20 17:0a 0.52 21:1 0.04 22:4 0.03
23:0 0.12 18:0i 0.16 22:1 0.06 22:5 0.04
24:0 0.14 19:01 0.10 22:6 0.01
25:0 0.03
26:0 0.06

# Iverson and Sheppard (1986). Minor fatty acids present at levels = 0.01%.
i = iso, a = anteiso

transform to the respective 4-carbon (y) and 5-carbon (8) lactones, which are
major contributors to the overall flavour of the milk fat. Approximately 60
keto (oxo) acids have been isolated and identified in milk fat (Weihrauch,
1974; Brechany and Christie, 1992). When milk fat is heated, B-keto acids
are decarboxylated to form methyl ketones, which contribute to cooked
butter flavours.

1.2.6. Variations In Fatty Acid Composition

The fatty acid composition of milk fat is not stable and is influenced by
a number of factors. These include, breed of cow, stage of lactation and type,
and quality and quantity of feed (Grummer, 1991; Beaulieu and Palmquist,
1995; Hawke and Taylor, 1995; Auldist et al., 1998; Zegarska et al., 2001).
These issues are discussed in detail in Chapter 2 (Palmquist).

In most countries, there exists a regularly recurring seasonal pattern of
fatty acid variation in milk fat, which is caused largely by changes to the cow’s
diet. This seasonal variation can have an impact on the properties of high-fat
dairy products, e.g., the hardness of butter (MacGibbon and McLennan,
1987). The seasonal variation for French milk fat is presented in Table 1.6
(Wollff et al., 1995). It can be seen that 16:0 has a markedly lower value in
spring and summer than in winter. The C¢ to Cy4 fatty acids together show a
similar trend, although the magnitude of the change is much smaller. In
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Table 1.6. Fatty acid composition of French butters collected at different periods
of the year®

Composition (%, w/w)

Fatty Acid January March May—June July—August Oct—Nov
4:0 4.0 44 3.8 4.2 43
6:0 2.5 2.7 2.4 2.5 2.6
8:0 1.5 1.6 1.4 1.5 1.5
10:0 35 3.5 3.1 3.1 33
12:0 4.0 4.0 3.6 3.5 3.8
14:0 12.1 11.9 11.0 11.2 11.3
14:1 1.1 1.0 0.9 1.1 0.9
15:0 1.2 1.2 1.2 1.2 1.1
16:0 333 32,5 27.1 28.3 29.3
16:1 1.5 1.6 1.4 1.5 1.7
18:0 9.0 9.0 11.0 10.5 9.6
18:1 cis 16.8 17.3 19.7 19.2 194
18:1 trans 2.4 2.4 43 3.7 3.2
18:2 14 1.5 1.2 1.3 14
18:2 conj 0.4 0.5 0.7 0.7 0.5
18:3 0.3 0.3 0.6 0.5 0.5
Minor 5.0 4.6 6.6 6.0 5.6

2 Wolff ez al. (1995).

contrast, 18:0 and 18:1 (cis and trans) show a reverse trend with lower levels in
winter. Generally, higher values of 16:0 tend to be associated with higher
levels of total lipids and greater hardness of the fat. These variations
are attributed to a change from winter feed of hay and concentrate to a diet
of fresh grass in spring. The lipids in fresh grass contain high levels of 18:2
and 18:3 which, as a result of biohydrogenation and desaturation reactions
in the cow, lead to increased levels of 18:0 and 18:1 in milk fat.

Similar seasonal trends in fatty acid composition have been found in
other countries where the pattern of dairy husbandry practices is similar
(Hughebaert and Hendrickx, 1971; Muuse et al., 1986; Lindmark-Mansson
et al., 2003).

1.3. Triacylglycerols

Bovine milk fat contains various triacylglycerols, which vary considerably in
molecular weight and degree of unsaturation. This complexity is the direct
result of the large number and wide variety of fatty acids which make up the
triacylglycerols.
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Table 1.7. General composition of triacylglycerols of bovine milk fat

Triacylglycerol Composition %o(w/w)

German milk fat® New Zealand milk fat®

Carbon Number Average Range® Typical Range?
C26 0.2 0.2-0.3 - -
C28 0.6 0.5-0.8 0.6 0.4-0.8
C30 1.2 1.0-1.9 1.2 0.8-1.4
C32 2.6 2.1-3.2 2.5 1.8-2.9
C34 6.0 4.8-6.9 5.8 44-64
C36 10.9 9.2-12.4 11.0 9.1-11.8
C38 12.8 12.1-13.6 13.3 11.8-14.6
C40 10.1 9.5-11.2 10.7 9.7-12.1
C42 7.1 6.2-7.9 7.4 6.5-7.9
C44 6.7 5.4-7.8 6.7 5.6-7.3
C46 7.4 6.3-8.3 7.2 5.6-7.8
C48 9.1 8.0-10.7 8.6 6.9-9.9
C50 10.9 9.7-12.0 10.6 9.7-12.8
C52 9.5 7.2-12.3 9.4 7.7-12.6
C54 4.6 2.7-7.8 4.7 3.7-7.0
C56 - - 0.4 0.4-0.6

# Precht and Frede (1994)

® MacGibbon (unpublished)

¢ Range of values for different regions.

4 Range of values over a dairying season.

As noted earlier, there are some 400 fatty acids in milk fat, which
means that theoretically milk fat could contain many thousand triacylgly-
cerols. Even if one considers only the 15 or so fatty acids that are present at
concentrations above 1% (Table 1.2), and ignores the placement of these
fatty acids at specific positions on the triacylglycerol molecule, there are still
680 compositionally different triacylglycerols.

The general composition of triacylglycerols can readily be determined
by capillary GC. Typical triacylglycerol compositions of milk fats from
Germany and New Zealand are presented in Table 1.7. The triacylglycerols
show a wide molecular weight range (from acyl carbon 26 to 56), which
arises from the large differences in chain length of the constituent fatty acids
(from C4 to Cyg). The triacylglycerol composition is dominated by triacyl-
glycerols with 36 to 40 acyl carbons (about 35% of the total) and 46 to 52
acyl carbons (about 36% of the total). The range of values for the different
carbon numbers is considerable, indicating that there is significant variation
in triacylglycerol composition both throughout the dairying season and
between different dairying regions. Interestingly, data for the two countries
are remarkably similar.
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It should be noted that simple capillary GC, while convenient, just
separates triacylglycerols into groups of similar molecular weight, and does
not provide information on individual triacylglycerols — carbon number 38,
for example, will consist of several different triacylglycerols (e.g., 4:0, 16:0,
18:0; 4:0, 16:0, 18:1; 6:0, 14:0, 18:1, etc.).

1.3.1. Structure of Triacylglycerols

Triacylglycerols are synthesised in the mammary gland by enzymic
mechanisms that exert some selectivity over the esterification of different
fatty acids at each position of the sn-glycerol moiety (Moore and Christie,
1979). A triacylglycerol molecule showing the three sn-positions is shown in
Figure 1.2.

Stereospecific analytical procedures have been developed that have
enabled the determination of the positional distributions of fatty acids on
the triacylglycerols. The results obtained using these procedures show that
there is a highly selective stereospecific distribution of fatty acids in the
triacylglycerols of bovine milk fat (Table 1.8). For cows fed a normal diet,
the fatty acids 4:0 and 6:0 are esterified almost entirely at position sn-3. In
contrast, 12:0 and 14:0 are esterified preferentially at position sn-2, while
16:0 is incorporated preferentially at positions sn-1 and sn-2. 18:0 is esterified
preferentially at position sn-1, and 18:1 shows a preference for positions sn-1
and sn-3. This overall pattern of fatty acid distribution does not change
significantly either throughout the dairying season or between countries
(Pitas et al., 1967; Taylor and Hawke, 1975b; Parodi, 1979; Christie and
Clapperton, 1982).

Stereospecific analysis of milk fat fractions containing triacylglycerols
of different molecular weight have shown that, for fatty acids of chain length
C,4 to Cyg, the general pattern of fatty acid distribution in normal milk fat is
similar to the pattern of distribution in the triacylglycerol fractions of different

H,C -0 -C-R; sn—1
= [
B O
R,—C—-O w—(C —= H sn-2
I z
o H
H,C-0-C-Rj3 sn-3
Il
o

Figure 1.2. Fischer projection diagram of a triacylglycerol showing the stereospecific number-
ing (sn-) convention.
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Table 1.8. Positional distribution of fatty acids in the triacylglycerols of bovine
milk fat®

Fatty Acid Composition (mol %)

Fatty Acid sn-1 sn-2 sn-3
4:0 - 0.4 30.6
6:0 - 0.7 13.8
8:0 0.3 3.5 4.2
10:0 1.4 8.1 7.5
12:0 3.5 9.5 4.5
14:0 13.1 25.6 6.9
16:0 438 38.9 9.3
18:0 17.6 4.6 6.0
18:1 19.7 8.4 17.1

# Calculated from the data of Parodi (1979).

molecular weight. However, the pattern of distribution of 18:0 and 18:1 varies
according to the molecular weight of the triacylglycerols; these fatty acids tend
to be esterified preferentially at positions sn-1 and sn-3 in triacylglycerols of
high molecular weight and concentrated at position sn-1 in triacylglycerols
of medium- and low-molecular weight (Parodi, 1982).

1.3.2. Composition of Triacylglycerols

As noted earlier, milk fat contains a very complex mixture of triacyl-
glycerols. This complexity has made the identification and characterization
of individual triacylglycerols extremely difficult. Moreover, the fact that no
two batches of milk fat have exactly the same composition adds to the
difficulty. As a result, the majority of the earlier studies were aimed at
elucidating the general types of triacylglycerols present rather than obtaining
quantitive data about individual triacylglycerols.

In a series of investigations, milk fat was fractionated into different
triacylglycerol classes on the basis of molecular weight and degree of unsat-
uration, using a combination of chromatographic methods, namely normal
and argentation TLC, and GC. This approach, in combination with stereo-
specific analysis, provided detailed information on the different classes of
triacylglycerols present in milk fat (Breckenridge and Kuksis, 1968, 1969;
Taylor and Hawke, 1975a; Parodi, 1980).

The high molecular weight fractions of differing degrees of unsaturation
were found to consist largely of triacylglycerols containing combinations of
four long-chain fatty acids, namely 14:0, 16:0, 18:0 and 18:1. The most likely
placement of these fatty acids at the different positions on the triacylglycerol
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Saturated Monoene Diene Triene

High A A 18:1 18:1
molecular B{ B{ 16:0{ 18:1{
weight 18:0 18:1 18:1 18:1

Medium and A 18:1 18:1
low molecular B B 18:1
weight C C

Triacylglycerol skeleton sn—1
A =16:0 or 18:0 sn-2

B =14:0 or 16:0 sn-3
C= 4.00r6:0

Figure 1.3. Probable composition of the major triacylglycerols of milk fat.

molecules is shown in Figure 1.3. On the other hand, the medium- and low-
molecular weight fractions were comprised mainly of triacylglycerols with
combinations of these four long-chain fatty acids at positions sn-1 and sn-2
and a short-chain fatty acid (either 4:0 or 6:0) esterified at position sn-3.

The saturated and monoene triacylglycerol classes were dominant and
each comprised about 35 to 40% of the total milk fat, while the approximate
proportions of the high-, medium- and low-molecular weight fractions were
40, 20 and 40%, respectively.

More recently, the use of more sophisticated chromatographic tech-
niques, particularly HPLC and capillary GC, has lead to the identification
and quantification of individual, compositionally-different triacylglycerols.
In one painstaking study, Gresti ef al. (1993) separated milk fat by reversed-
phase HPLC into 47 fractions. Each fraction was then analysed for triacyl-
glycerol and fatty acid composition by capillary GC. The data obtained were
used to calculate the proportions of some 220 individual molecular species of
triacylglycerols, accounting for 80% of the total triacylglycerols in the sample.
The quantitatively important triacylglycerols, each present at >0.5%, are
shown in Table 1.9. This list of 40 major triacylglycerols makes up about
55% of the total milk fat. An interesting aspect of the data is that some
triacylglycerols are present in high proportions, for example 4:0, 16:0, 18:1
(4.2%); 4:0, 16:0, 16:0 (3.2%); 4:0, 14:0, 16:0 (3.1%); 14:0, 16:0, 18:1 (2.8%);
4:0, 16:0, 18:0 (2.5%); and 16:0, 18:1, 18:1 (2.5%). Although, this was a long
and exhaustive study, it did not definitively identify the constituent triacyl-
glycerols of milk fat as the placement of the fatty acids at the different sn-
positions on the triacylglycerol molecules was not determined.
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Table 1.9. Proportions (mol %) of the major triacylglycerols in a sample of
French milk fat®®°

Carbon Saturated Monoene Diene and Triene
Number  Triacylglycerols Triacylglycerols Triacylglycerols
C30 4.0, 10:0, 16:0,  0.6%

C32 4:0, 12:0, 16:0 0.8%

C34 4:0, 14:0, 16:0 3.1%

C36 4:0, 14:0, 18:0 1.3% 4:0, 14:0, 18:1 1.8%

4:0, 16:0, 16:0 3.2%
6:0, 14:0, 16:0 1.4%
C38 4:0, 16:0, 18:0 2.5% 4:0, 16:0, 18:1 4.2%
6:0, 16:0, 16:0 1.5% 6:0, 14:0, 18:1 0.9%
6:0, 14:0, 18:0 0.6%
C40 6:0, 16:0, 18:0 1.1% 4:0, 18:0, 18:1 1.6% 4:0, 18:1, 18:1 1.5%
8:0, 16:0, 16:0 0.7% 6:0, 16:0, 18:1 2.0%
10:0, 14:0, 16:0 0.7%

C42 10:0, 16:0, 16:0 1.0%  10:0, 14:0, 18:1 0.6% 6:0, 18:1, 18:1 0.6%
12:0, 14:0, 16:0 0.6%
C44 14:0, 14:0, 16:0 0.6%  10:0, 16:0, 18:1 1.6%
C46 14:0, 16:0, 16:0 0.9%  12:0, 16:0, 18:1 1.2%  10:0, 18:1, 18:1 0.7%
14:0, 14:0, 18:1 0.6%
C48 14:0, 16:0, 18:0 0.7%  14:0, 16:0, 18:1 2.8%  12:0, 18:1, 18:1 0.6%
C50 14:0, 18:0, 18:1 1.4% 140, 18:1, 18:1 1.2%
16:0, 16:0, 18:1 2.3%
C52 16:0, 18:0, 18:1 2.2%  16:0, 18:1, 18:1 2.5%
16:0, 18:1, 18:2 0.6%
C54 18:0, 18:0, 18:1 0.8%  18:0, 18:1, 18:1 1.2%

18:1, 18:1, 18:1 1.0%

& Gresti et al. (1993).
® Triacylglycerols at concentrations >0.5%.
¢ Position of fatty acid on triacylglycerol molecule not determined.

A number of recent investigations have shown that mass spectrometry
(MS) is a rapid and effective method for the identification of triacylglycerol
species of milk fat that are compositionally different (Myher et al.,
1988, 1993; Laakso and Kallio, 1993; Spanos et al., 1995; Laakso and
Manninen, 1997; Mottram and Evershed, 2001; Kalo et al., 2004). In fact,
a range of mass spectral techniques, such as electron ionization, fast
atom bombardment, chemical ionization, atmospheric pressure chemical
ionization and electrospray MS, have been used to study triacylglycerols.
The later three are “‘soft” ionizing techniques, which retain substantial
amounts of the molecular ion, rather than fragmenting the molecule into
a number of parts. These methods have allowed the determination of
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fatty acids that contribute to the triacylglycerols, especially with the advent of MS/
MS where the further fragmentation of a particular molecular ion can be effected,
displaying fragments derived solely from a species or group (Kalo et al., 2004).

In these mass spectral studies there are difficulties associated with the
accurate quantification of the different types of triacylglycerols. First, MS
shows a difference in sensitivity depending on the degree of unsaturation of
triacylglycerols; fully saturated triacylglycerols tend to show a lower molecu-
lar ion response than unsaturated triacylglycerols (Byrdwell, 2001). Second,
the studies using tandem MS/MS, in which diacylglycerol ions and fatty acid
ions are formed from triacylglycerol ions, showed that the diacylglycerol ions
were not representative of the expected random distribution of diacylglycer-
ols, but rather contained more of the fatty acids at the sn-2 position. In other
words, the release of fatty acids from the sn-2 position was less than the release
from the sn-1 and sn-3 positions (Currie and Kallio, 1993).

Despite these concerns, several researchers have used MS to identify
many of the constituent triacylglycerols of milk fat. These studies invariably
begin with extensive fractionation of the triacylglycerols prior to mass
spectral analysis, to ensure that the number of triacylglycerol species con-
tributing to a particular fraction are as small as possible. In one of the
earliest investigations, Myher et al. (1988) studied a milk fat fraction
which was composed largely of low molecular weight triacylglycerols.
After an initial separation using argentation TLC, which separated the
triacylglycerols according to their degree of unsaturation, mass spectral
analysis was used to identify more than 100 triacylglycerols.

In a further comprehensive investigation by Spanos et al. (1995), milk
fat was fractionated initially by HPLC into 58 triacylglycerol fractions.
These fractions were characterised using desorption chemical ionisation
MS, followed by MS/MS if the peak contained a mixture of triacylglycerols.
The fatty acids contributing to the triacylglycerols in each peak were deter-
mined and could be related to the acyl carbon number of the triacylglycerols.
Thus, the composition of over 180 triacylglycerols were determined. Com-
parison of these results with the data of Gresti et al. (1993) showed that the
triacylglycerols identified were similar. For example, for the C38 triacylgly-
cerols, Gresti et al. (1993) found the following quantitatively-important
triacylglycerols:- 4:0, 16:0, 18:1 (4.2%); 4:0, 16:0, 18:0 (2.5%); 6:0, 16:0,
16:0 (1.5%); 6:0, 14:0, 18:1 (0.9%); and 6:0, 14:0, 18:0 (0.6%). Although,
Spanos et al. (1995) did not quantify the triacylglycerol species, only noting
those that were present in greater amounts, they did identify the same group
of C38 triacylglycerols as being present in significant quantities, with the
exception of 4:0, 16:0, 18:0.

Mottram and Evershed (2001) undertook a similar study in which
they fractionated milk fat by two different methods, silica TLC and gel
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permeation chromatography. Each set of fractions was analyzed subse-
quently by an HPLC-MS system fitted with an atmospheric pressure
chemical ionization source. Some fractions were also analyzed by GC-
MS. This comprehensive analysis led to the identification of some 120
triacylglycerols.

Recently, Kalo et al. (2004) used normal-phase HPLC in combination
with positive ion tandem MS to obtain quantitative information about the
regioisomers of synthetic triacylglycerol mixtures and milk fat fractions
containing low molecular weight triacylglycerols. In agreement with a pre-
vious study (Currie and Kallio, 1993), they found that the diacylglycerol
fragment ions, produced by mass spectral analysis from standard triacylgly-
cerol mixtures, contained greater amounts of fatty acids at the sn-2 pos-
ition than predicted. Furthermore, the ratio of fatty acids at the sn-2
position, relative to the fatty acids at the sn-1 and sn-3 positions, varied
according to the types of fatty acids attached. From the information gained
about these diacylglycerols, the regioisomers of the synthetic triacylglycerol
mixtures could be identified. In a similar manner, the regioisomers of the
triacylglycerols in the milk fat fractions were studied, although the fatty
acids at the sn-1 and sn-3 positions could not be differentiated.

Although these later detailed studies have not as yet yielded a method
which definitively identifies and quantifies the constituent triacylglycerols of
milk fat, the improvement in HPLC and mass spectral analyses have enabled
researchers to develop routine methods that provide detailed information
about milk fat triacylglycerols. One example is the method developed by
Robinson and MacGibbon (1998), in which milk fat triacylglycerols were
separated into 61 distinct peaks by reversed-phase HPLC (Figure 1.4). The
triacylglycerols present in each peak were identified through initial fraction-
ation by argentation TLC, followed by HPLC and MS. This HPLC method
can be used as a single-injection, routine method, and appears to be sensitive
enough to monitor relatively small changes in peak areas and, hence, minor
changes in the amounts of small groups of triacylglycerols.

With the upsurge of interest in CLA, the distribution of CLA in
milk fat triacylglycerols has also become a matter of considerable interest.
The distribution of CLA has been determined by a reversed-phase HPLC
system, in which the eluting peaks were simultaneously detected by both
evaporative light scattering detection (ELSD) and UV absorption at 233 nm
(Robinson and MacGibbon, 2000). The UV absorption data clearly show
which peaks contain esterified CLA (the molar extinction coefficient for CLA
at 233 nm is 23,360 L mol~! cm_]). The combined data from the two detec-
tion systems show that CLA is found in many different types
of triacylglycerols, which differ in both molecular weight and degree of
unsaturation.
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Figure 1.4. Reversed-phase HPLC chromatogram of milk fat triacylglycerols (from Robinson
and MacGibbon, 1998).

1.4. Polar Lipids

The concentration of phospholipids in the milk fat ranges from 0.5 to 1.0% of
the total (Patton and Jensen, 1976; Table 1.1). About 60 to 65% of these
phospholipids are associated with the intact milk fat globule membrane
(MFGM). The remaining 35 to 40% are found in the aqueous phase associ-
ated with protein/membrane fragment material in solution, rather than still
attached to the MFGM (Huang and Kuksis, 1967; Patton and Keenan, 1971).

The MFGM that surrounds the milk fat droplets is derived from the
apical plasma membrane of the secretary cells in the lactating mammary
glands, and is composed of phospholipds and glycolipids, as well as proteins,
glycoproteins, enzymes, triacylglycerols and minor components. Estimates
of the proportion of phospholipids in the MFGM vary from 15 to 30%,
depending on extraction procedure; however, typical values are at the higher
end of the range. For instance, Keenan and Dylewski (1995) reported 26 to
31%, and Norris et al. (2003) found 28% of the MFGM as phospholipid (see
Keenan and Mather, Chapter 4).
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Figure 1.5. Fischer projection diagram of a glycerophospholipid showing the stereospecific
numbering (sn-) convention.

While the polar lipids constitute a very small proportion of the total
milk lipids, they play an important role because of their mixed hydrophilic
and hydrophobic nature. This unique characteristic of polar lipids is largely
responsible for stabilising the suspension of milkfat in the aqueous environ-
ment of the milk, allowing the relatively high concentrations of milkfat and
protein to coexist in the same solution (Deeth, 1997). In the above process,
the major structural features involved are the large non-polar (hydrophobic)
fatty acid chains and the polar (hydrophilic) charged head group residue of
the phospholipids. The polar lipids contain a variety of polar groups that
contribute to the charged nature of the molecules. In addition to the charged
head-group, phospholipids contain a negatively charged phosphate group
(Figure 1.5).

Dairy phospholipids are important structurally, because they are able
to stabilise emulsions and foams, and to form micelles and membranes
(Jensen and Newburg, 1995). Phospholipids also have the potential to be
pro-oxidants, because they contain mono-unsaturated and poly-unsaturated
fatty acids and have the ability to attract metal ions. Phosphatidyl ethano-
lamine binds copper strongly and is believed to be important in copper-
induced oxidation in milk (O’Connor and O’Brien 1995; Deeth, 1997). The
polyunsaturated fatty acids and metal ions accelerate lipid oxidation, espe-
cially when heat is applied; hence, phospholipids can be degraded during the
processing of milk. However, in dairy products, the situation is complex and
it appears that phospholipids are able to act as either pro-oxidants or anti-
oxidants, depending on the pH, ratio of water and phospholipid species
(Chen and Nawar, 1991).
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Table 1.10. Approximate phospholipid content of different dairy products

Product Whole milk Skim milk Cream (40% fat) Butter milk
Total fat (%, wiw) 4 0.06 40 0.6
Phospholipids (%, w/w) 0.035 0.015 0.21 0.13
Ratio (g PL/100g total fat) 0.9 25 0.5 22

Adapted from Mulder and Walstra (1974)

As the milk is processed, the phospholipids are partitioned differently
from the neutral lipids (Table 1.10). When the whole milk is separated, the
phospholipids tightly bound to the MFGM go into the cream with
the neutral lipids, while the phospholipids associated with the protein/
membrane fragments in the aqueous phase are retained in the skim milk.
Hence, the ratio of phospholipids to total fat is relatively low in cream and
high in skim milk. Furthermore, during butter making, a greater proportion
of the phospholipids than the neutral lipids from the cream is retained in the
buttermilk, leading to a high ratio of phospholipid to the total fat in
buttermilk (Table 1.10).

1.4.1. Composition and Structure

The percentage of phospholipids in milk fat is typically within
the range 0.5-1.0 %. Bitman and Wood (1990) found that phospho-
lipids in milk tended to decline during lactation, but Kinsella and Houghton
(1975) observed little change. While there was a change in the
percentage of total phospholipids, the ratio of the major phospholipids
remained relatively constant, suggesting a constant ratio of phospholipids
in the MFGM.

The structures of the major polar lipids found in the milk are shown in
Figures 1.5 and 1.6. Glycerophospholipids [phospatidylethanolamine (PE),
phosphatidylinositol (PI), phosphatidylserine (PS) and phosphatidylcholine
(PC)] have fatty acids at positions sn-1 and sn-2, and a phosphate and a
polar head-group on the sn-3 position. Of the minor phospholipids, plasma-
logens have a similar structure to phosphatidylcholine and phosphatidy-
lethanolamine but with an ether linkage rather than an ester linkage at
the sn-1 position. Lysophospholipids have only one fatty acid in the
glycerophospholipid.

The sphingophospholipid, sphingomyelin (Sph) consists of a ceramide
(a fatty acid linked to a long-chain sphingoloid base through an amide
linkage) with a phosphorylcholine headgroup (Figure 1.6). Sphingomyelin
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Figure 1.6. Typical structures of sphingolipids (phosphosphingolipid and glycosphingolipid
classes), based on a d18:1 ceramide (R = fatty acid group).

is generally included in the phospholipid group as it has similar properties
(especially with phosphatidylcholine).

Phosphatidylcholine, phosphatidylethanolamine and sphingomyelin
are the major polar lipids found in bovine milk and are present in similar
proportions in the total phospholipids, about 25 to 35% (Table 1.11).
Phosphatidylserine and phosphatidylinositol are present at lower levels,
about 3 to 8%. There are also significant amounts of ceramides, as glucocer-
amide (GluCer, monohexose) and lactoceramide (LacCer, dihexose), 3 to 6%.
Table 1.11 shows five sets of analytical data, four of which are relatively

Table 1.11. Proportions of individual phospholipids and ceramides in bovine milk
(as percentage of total polar lipids)

a (mol %) b %(w/w) c%wiw) d%wiw) e %(w/w)

Phosphatidylethanolamine 31.8 34.2 31.1 42.0 36.8
Phosphatidylinositol 4.7 6.2 5.2 4.8 na
Phosphatidylserine 3.1 2.8 8.5 6.7 na
Phosphatidylcholine 34.5 254 26.4 19.2 322
Sphingomyelin 25.2 23.6 28.7 17.9 29.6
Glucoceramide na’ 5.0 na 2.7 na
Lactoceramide na 29 na 6.7 na
Phospholipids in milk (mg/10 ml) 2.28 2.51 2.9 242

Sources and sampling:

2 Jensen and Clark (1988); ® Christie et al. (1987), single dairy herd; ¢ Bitman and Wood (1990), 12 cows,
42 days of lactation; ¢ Rombault ez al. (2005), farm milk; ¢ Fagan and Wijesundra (2004), milk from 21 dairy
farms; " na not available (not determined)

Note: not all species identified, hence normalisation needs to be carried out prior any to direct comparison
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similar. The data indicate variations in the proportions of individual phos-
pholipids, which may depend on the analytical methods used, the number
and breed of cows in the sample, and the diet and stage of lactation of cows.
Interestingly, the reported total phospholipid content of the milk was similar
(~2.5 mg/10 mL milk).

Table 1.12 shows the fatty acid composition of the phospholipids of
milk samples from 12 cows (Bitman and Wood, 1990). The major fatty acids
of the glycerophospholipids are 18:1, 16:0, 18:0 and 18:2. None of the
phospholipids has significant amounts of fatty acids below 14:0 (unlike the

Table 1.12. Fatty acid composition of phospholipids from bovine milk

Fatty acid composition (%, w/w)

Phos- Phos- Phos- Phos-
phatidyl- phatidyl- phatidyl- phatidyl- Sphingo-  Sphingo-

Fatty acid ethanolamine”  inositol® serine® choline®  myelin® myelin (2)°
14:0 1.0 1.2 1.0 7.1 4.1 1.8
15:0 0.5 0.5 0.4 1.5 1.1 0.3
16:0 11.4 7.6 8.4 322 36.1 18.0
16:1 2.7 2.1 22 3.4 0.6 0.6
17:0 0.9 0.9 1.0 1.0 1.5 0.5
18:0 10.3 22.7 25.7 7.5 8.7 4.1
18:1 47.0 35.9 35.5 30.1 1.5 4.5
18:2 13.5 9.5 9.7 8.9 0.2 0.8
18:3 2.3 22 2.1 1.4
20:0 0.6 1.5 1.7 0.4 1.2 0.6
20:3 1.7 4.1 3.1 1.0
20:4 2.7 5.0 1.8 1.2
20:5 1.0 1.0 0.8 0.5
21:0 0.5 1.1 1.2 0.3 1.5 0.8
22:0 14.4 159
22:4 0.8 1.1 1.1 0.4
22:5 n-6 0.6 0.9 0.9 0.4
22:5n-3 1.0 1.3 1.7 0.3
22:6 0.1 0.2 0.2 0.0
23:0 17.4 30.4
24:0 11.3 17.3
Polyunsaturated 23.7 253 21.4 14.1 0.2 0.8
Saturated 26.4 36.7 40.6 51.6 97.6 90.6
% of total 31.1 5.2 8.5 26.4 28.7 -

Phospholipids

# Bitman and Wood (1990), 12 cows, 42 days of lactation
® Morrison et al. (1965) example of the variation
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triacylglycerols). For identification of glycerophospholipids, electrospray
ionisation mass spectrometry (ESI-MS) has been described by Kerwin et al.
(1994) and Myher and Kuksis (1995). Such methods have enabled the
identification of the head-groups; hence, the identification of phospholipid
species and the fatty acid constituents. Furthermore, these methods can
identify the two fatty acids on the same phospholipid.

Sphingomyelin has a unique composition of fatty acids compared to
the other phospholipids (Table 1.12) as the fatty acids are mainly long-chain
saturated (i.e., 16:0, 22:0, 23:0 and 24:0). To illustrate the differences in fatty
acid composition of sphingomyelin, the fatty acid analysis from another
study is also listed. Furthermore, Bitman and Wood (1990) and Nyberg
(1995) found that the ratio of 16:0 to very long-chain fatty acids is relatively
high, while Morrison et al. (1965) and Ramstedt er al. (1999) found a
lower ratio. The major sphingoloid base of sphingomyelin is reported to be
sphingosine, a dihydroxy 18C amino alcohol (d18:1) (which introduces
unsaturation into the molecule) while d16:1, d16:0 and d18:0 are found to
be the minor sphingoloid bases (Ramstedt ez al., 1999). Karlsson et al. (1998),
using HPLC/MS with electrospray and atmospheric pressure chemical
ionisation on sphingomyelin, found the same sphingoloid bases as Ramstedt
et al. (1999).

The specific phospholipids differ in the degree of unsaturation
(Table 1.12). Phosphatidylethanolamine has a low content (~26%) of
saturated fatty acids, and has especially a high content of linoleic acid, far
higher than found in triacylglycerols of milk fat. Phosphatidylinositol and
phosphatidylserine have 37-40% saturated fatty acids, whereas phosphati-
dylcholine has over 50%. The fatty acids in sphingomyelin are almost all
completely saturated.

The positional distribution of fatty acids in phosphatidylcholine and
phosphatidylethanolamine, the major glycerophospholipids, of bovine milk,
were investigated by Morrison et al. (1965) and are shown in Table 1.13.
Unlike triacylglycerols, phospholipids do not contain short-chain fatty acids
(14:0 being the shortest chain fatty acid present at a significant level). This is
probably due to differences in the route of synthesis, as most short-chain
fatty acids are found at the sn-3 position of triacylglycerols, which in
phospholipids is occupied by the phosphate moiety. In phospholipids, the
polyunsaturated fatty acids tend to be esterified preferentially at the sn-2
position, while the saturated fatty acids show a preference for the sn-1
position (Table 1.13). For phosphatidylethanolamine, 18:2 and 18:3 are
found predominantly at the sn-2 position, while 18:1 is fairly evenly distrib-
uted and 16:0 and 18:0 are predominantly at the sn-1 position. In phospha-
tidylcholine, which is more saturated than phosphatidylethanolamine, the
distribution of saturated and unsaturated fatty acids is less distinct between
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Table 1.13. Distribution of fatty acids at positions sn-1 and sn-2 of
phosphatidylcholine and phosphatidylethanolamine from bovine and human milks*

Fatty acid composition (mol %)

Bovine® Human®

Phosphatidyl ~ Phosphatidylethanol =~ Phosphatidyl ~ Phosphatidylethanol

choline amine choline amine
Fatty acid  sn-1 sn-2 sn-1 sn-2 sn-1 sn-2 sn-1 sn-2
14:0 5.6 10.8 1.9 1.3 34 4.9 1.0 1.0
16:0 41.9 30.6 19.7 4.7 34.2 323 9.3 8.2
16:1 0.6 1.2 1.2 2.2 1.5 22 1.8 33
18:0 17.5 2.4 19.0 1.3 34.9 2.1 65.4 1.3
18:1 20.3 27.8 45.8 47.8 14.3 13.7 18.1 15.3
18:2 2.7 9.2 2.9 21.4 2.7 30.9 44 30.2
18:3 0.8 1.8 1.1 4.5 - 2.0 5.1
20:3 - 1.6 0.2 22 - 3.9 - 5.4
20:4 0.2 1.2 0.2 3.0 - 6.6 20.9
22:6 - - - - - 0.8 5.2

# Christie (1995)
® Morrison et al. (1965)
¢ Morrison and Smith (1967)

the sn-1 and sn-2 positions, though 18:0 and the polyunsaturated fatty acids
still show the preference described above.

1.4.2. Ceramides and Gangliosides

The glycoceramides (glycosphingolipids) have one or more hexose
sugar units attached at position 1 of the ceramide (Figure 1.6), rather than
the phosphorylcholine group which is present in sphingomyelin. The con-
centration of hexose ceramides in polar lipids, as determined by groups of
authors, is about 8% (Table 1.11). The fatty acid composition of the cer-
amides has been reported by Christie (1995), and tends to follow the fatty
acid trends found in sphingomyelin.

The gangliosides are complex ceramide polyhexosides, which contain
one or more acidic sugars [known as sialic acid or N-acetylneuramic acid
(NANA)]. The specific names of the gangliosides identify their structure.
The letter G followed by M, D, T or Q designates mono-, di-, tri- or quatra-
sialic acid groups. The carbohydrate sequence that is attached to the cera-
mide is designated by a number (5-n), where n is the number of neutral sugar
residues. For example, GD3 is a ganglioside with two NANA units and two
neutral sugar residues.
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A number of gangliosides, namely GM3, GM2, GM1, GD3, GD2, and
GD1, have been isolated from bovine milk, (Keenan and Dylewski, 1995),
the major ones being GD3 (~50%) and GM3 (~20%). Martin et al. (2001)
investigated the seasonal variation in the total gangliosides [measured as
lipid-bound sialic acid (LBSA)]. They found that the level of gangliosides
was high in the colostrum, which decreased through transitional and mature
milk, before rising a little in late lactation milk; mean values were 3.5, 1.3, 0.9
and 1.9 pg/g milk, respectively. Puente et al. (1992), who measured the
seasonal trend in individual gangliosides, showed that GD3 was slightly
higher in colostrum and late-lactation milk compared to mid-lactation
milk, while GM3 showed the reverse trend.

The major fatty acids of GD3 and GM3 (the major gangliosides of
bovine milk) are 22:0, 23:0, 24:0 and 16:0, with both species of ganglioside
having similar fatty acid compositions (Table 1.14). These fatty acids are
also a feature of the sphingomyelin structure. Martin et al. (2001), who

Table 1.14. Fatty acid composition of bovine and human milk gangliosides GD3
and GM3*

Fatty acid composition (%, w/w)

Bovine milk Human milk

Fatty acid GD3 GM3 GD3 GM3
12:0 0.4 0.5 2.7 1.1
14:0 1.0 1.6 3.8 1.8
15:0 0.3 0.5 1.0 0.6
16:0 10.3 11.9 18.4 11.7
16:1 0.1 0.4 1.4 1.3
17:0 0.3 0.3 0.3 0.4
18:0 4.6 5.7 18.7 16.6
18:1 2.4 4.1 3.8 6.0
18:2 1.2 0.8 2.6 4.2
18:3 0.3 0.4 1.2 0.8
19:0 0.1 0.1 11.1 3.1
20:0 1.5 1.6 5.6 9.5
21:0 1.4 1.3 0.2 0.6
22:0 25.6 23.9 10.9 18.6
22:1 0.9 1.1 1.1 0.8
23:0 26.7 24.1 1.8 2.9
24:0 18.9 17.2 7.7 11.1
24:1 2.8 3.1 6.8 7.6
25:0 1.1 1.0 0 0

% Adapted from Bode er al. (2004)
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investigated the seasonal variation in the fatty acids of the gangliosides,
found that the fatty acids were very highly saturated (97%) in colostrum
(2 days post-partum), while they were much less saturated (68%) in transi-
tional (15 day) milk. Subsequently, the level of saturation increased (78%) in
mature (90 day) milk and a further increase was observed (83%) in late
lactation milk (10th month).

1.4.3. Health Issues

In addition to their importance in cell membranes and in cell signal-
ling, specific polar lipids are recognized to have a number of positive health
effects relating to immune function, heart health, brain health and cancer.
These effects are related to either the polar lipids themselves or to their
metabolites (Vesper et al., 1999). Sphingomyelin, plasmalogen and cera-
mides have shown strong anti-tumour activity. Sphingomyelin can influence
cholesterol metabolism and coronary heart disease. Sphingomyelin and
gangliosides exhibit anti-infection activity. Phospholipids may also protect
against mucosal damage. Parodi (2004; Chapter 13) reviewed the subject
matter of polar lipids in human nutrition and Ward et al. (Chapter 6) also
discussed polar lipids in milk.

1.5. Minor Constituents

1.5.1. Sterols

Sterols are minor components of milk lipids, which make up just 0.3%
of the total fat (Table 1.1). The principal component is cholesterol, which
accounts for over 95% of the total; about 10% of the cholesterol is present in
the esterified form. Small amounts of other sterols, namely campesterol,
stigmasterol and B-sitosterol, have also been identified in milk fat (Mincione
et al., 1977).

The cholesterol content, expressed as mg/g fat, of dairy products varies
considerably (Table 1.15). Cholesterol values for skim milk (~44 mg/g fat)
and buttermilk (~8.5 mg/g fat) are much higher than the normal value of

Table 1.15. Cholesterol content of different dairy products®

Whole milk Cream Skim milk Butter Buttermilk

Fat content (%, w/w) 4.7 43.0 0.06 82.5 1.3
Cholesterol (mg/g fat) 33 3.1 44 2.8 8.5

# Russell and Gray (1979)
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cholesterol (3 mg/g fat) found in milk. As a result of churning, buttermilk
contains a considerable quantity of MFGM material and a relatively high
concentration of small fat globules. Similarly, during separation, small fat
globules and membrane material are concentrated in skim milk. Since small
fat globules have a greater amount of membrane material relative to the
amount of fat in the core as compared to large fat globules, it can be
concluded from the above data that the amount of cholesterol (mg/g fat) is
greater in the membrane material than in the fat core of the globule.

1.5.2. Carotenoids

The principal pigment in milk fat is B-carotene, accounting for about
95% of the total carotenoids present. In milk, B-carotene is found in the core
of the milk fat globules and is absent from the membrane (Jensen and
Nielsen, 1996).

The concentration of B-carotene in milk depends on the level of
B-carotene in feed and on the breed of cow. Carotenoid pigments are
particularly high in fresh grass, but substantially lower in a mix of concen-
trate and hay, a normal winter feed. Channel Island cows, Jerseys and
Guernseys, have a higher level of B-carotene and a lower level of vitamin
A in their milkfat than other breeds, such as Friesians. In New Zealand,
cows fed fresh spring grass can have -carotene up to 13 pg/g fat (Jersey) or
8 ng/g fat (Friesian) in their milk. However, when cows are grazed on
mature summer pasture, these values decrease substantially to about 7 and
4 ng/g fat for Jersey and Friesian, respectively (Winkelman et al., 1999). In
view of these variations, it is not surprising that value for B-carotene in
commercial butters ranges from 2.5 to 12.5 pg/g fat (Buss ez al., 1984).

1.5.3. Fat-soluble Vitamins

A significant nutritional aspect of milk lipids is that vitamins A, D, E
and K are dissolved in the fat phase. Milk fat is considered to be a significant
source of vitamin A, but a poor source of vitamins D and K (McBean and
Speckmann, 1988).

Vitamin A is a fat-soluble vitamin involved in critical biological func-
tions, such as embryonic development, growth and vision. It has three pri-
mary forms; retinol, retinal and retinoic acid. In addition, B-carotene can
be converted to some extent in the body into retinol and is therefore
called provitamin A. The bioactivity of these vitamin A compounds varies
considerably, ranging from 100% for all-trans retinol, 75% for 13-cis retinol
and to just 17% for B-carotene. All-trans retinol is the major form of vitamin
A in milk fat, with values ranging from 8.0 to 12.0 pg/g fat in samples
of commercial butter. In contrast, 13-cis retinol is present at a very low
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concentration, 0.5 to 1.5pg/g fat (Buss et al., 1984). The total vitamin A
bioactivity can be obtained by summation of the concentrations and activities
of the different forms of vitamin A. In milk fat, this gives an average value of
approximately 12 retinol equivalents/g fat or 40 1U/g fat.

Vitamin E is an effective scavenger of lipid peroxy radicals and is
efficient at protecting unsaturated fatty acids against lipid peroxidation.
The chemistry of vitamin E is rather complex as there are eight compounds,
four tocopherols and four tocotrienols, which exhibit vitamin E activity.
The relative bioactivity of the various compounds varies considerably, from
1.0 for a-tocopherol to 0.03 for 8-tocopherol. In milk, a-tocopherol ac-
counts for virtually all of vitamin E, although very small amounts of B-
tocopherols and +y-tocopherols are present. Also, the concentration of
a-tocopherol in milk fat varies widely, with the level in samples of commer-
cial butter ranging from 18 to 35 pg/g fat (MAFF, 1999). These concentra-
tions equate to a low level of vitamin E bioactivity, 0.025 to 0.05 IU/g fat.

The level of vitamin D in milk fat is very low, about 0.01 to 0.02 pg/g
fat, which equates to 0.4 to 0.8 IU/g fat. Vitamin K is also present in milk at
a very low concentration. The level of phylloquinone (vitamin K;) is
reported to be 0.1 to 0.2 ng/g fat (Haroon et al., 1982).

1.5.4. Flavour Compounds

The chemistry of the flavour of milk fat and butter is very complex,
involving a large number of compounds contributing to the overall aroma
and taste. Approximately 200 volatile compounds have been identified in
milk fat (Schieberle ez al., 1993). However, many of the volatile compounds
are present at concentrations below their individual flavour threshold level,
and the extent to which these compounds contribute to the overall flavour
profile is not known fully. The perceived flavour of milk fat can be altered
by a change in the concentration of individual volatile compounds. The
principal factor that can change the concentration of the volatile compounds
is the feeding regime of the cow (Bendall, 2001).

The main classes of volatile compounds, which are considered to
contribute significantly to the overall flavour are lactones, fatty acids, alde-
hydes and methyl ketones. As noted earlier, there are very small amounts
of hydroxy acids, esterified to triacylglycerols, in milk fat. These act as
precursors of flavoursome +y-lactones and 8-lactones. It has been reported
that three lactones, d-octalactone, 8-decalactone and -y-dodecalactone, are
important flavour components in milk fat (Widder et al., 1991; Schieberle
et al., 1993). Siek et al. (1969) identified the short-chain fatty acids, 4:0 and
6:0, as key flavour components of milk fat. However, while they may
contribute to the overall flavour of milk fat at very low concentrations,
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higher levels caused by lipolysis will inevitably lead to undesirable rancid
flavours. Aliphatic aldehydes are potentially major contributors to both
desirable and undesirable flavours of milk fat. At very low concentrations
(i.e., at or below their flavour threshold values), some aldehydes are thought
to contribute desirable flavours. For example, hept-4-enal at 0.001 pg/g fat
is claimed to contribute a creamy flavour to butter (Urbach, 1979). How-
ever, slight oxidation of milk fat can increase the concentrations of alde-
hydes to levels at which undesirable oxidized flavours predominate. Fresh
milk fat contains virtually no methyl ketones. However, on heating, the trace
amounts of B-keto acids present in milk fat are decarboxylated to yield
methyl ketones. These volatiles are considered to contribute the rich flavour
associated with baked goods that contain butter. In addition to the four
classes of compounds discussed above, there are several other volatile com-
pounds which contribute to the aroma and taste of milk fat, including
diacetyl and skatole.

1.6. Milk Fat From Different Animal Species

A wide range of animals, large or small, living on land or in water, surviving
in hot or cold climates produce milk. Inevitably there are variations in the
composition of milk from these animals. Some of these variations are within
species caused by factors, such as region, stage of lactation and season, as
discussed earlier. However, when comparing different species, additional
factors need to be considered that relate to the physiology of the animals,
such as whether the animal is a ruminant or a non-ruminant; suckling
frequency; development factors, such as growth rate; and environmental
factors, such as temperature.

The detailed composition of milk from a wide range of mammals has
been reviewed by IDF (1986), Alston-Mills (1995), Iverson and Oftedal
(1995), Oftedal and Iverson (1995), IDF (1996) and Elagamy (2003). In the
current discussion, the focus is on milks that are consumed by humans,
though other examples have been included by way of comparison. Obvi-
ously, the variations within a species mean that quoted values are intended
only to be indicative of the typical concentrations rather than definitive
values.

1.6.1. Gross Composition

The range of fat content in the milk of different animal species varies
widely (Table 1.16). The milk of the cow, human, goat and camel have a low
fat content. The milk of the buffalo and sheep have values that are a little
higher, whereas the fat content of the milk of the rabbit and seal is much



Composition and Structure of Bovine Milk Lipids 31

Table 1.16. Average fat content of milk from various species

Fat content (%, w/v) References
Cow 3.5 Elagamy (2003)
Sheep 7.8 Elagamy (2003)
Goat 4.2 Elagamy (2003)
Buffalo 6.8 Elagamy (2003)
Camel 4.0 Elagamy (2003)
Rabbit 18.3 Jenness and Sloan (1970)
Seal 42.1 Iverson et al. (1997)
Pig 6.8 Mellies et al. (1978)
Human 3.8 Jensen (1988)

higher. No distinct relationship is observed between the fat content of milk
of ruminants (cow, sheep, goat, buffalo and camel) and that of non-rumin-
ants (human, rabbit, seal and pig). However, domesticated animals tend to
produce milk that is lower in fat content than non-domesticated animals
(Oftedal and Iverson, 1995).

Low suckling frequency and a high metabolic rate have been associ-
ated with a high fat content. It has been suggested that the high fat content
of rabbit’s milk is due to the infrequent suckling of the young, about once a
day (Oftedal and Iverson, 1995). Marine mammals may have a high fat
content in their milk to facilitate fat deposition in the suckling young and,
thus, to reduce heat loss. In addition, a high solids content reduces the water
requirement in the milk, which could be advantageous when the water has to
come from the body reserves of the mother. The major lipid class in the milk
of animals is triacylglycerols, and this usually accounts for 97-98% of the
total lipids (Christie, 1995).

1.6.2. Fatty Acids

The fatty acids in milk fat are derived from two sources, de novo
synthesis of fatty acids in the mammary gland and plasma lipids (see Pal-
quist, Chapter 2). De novo synthesis generally involves short-chain and
medium-chain fatty acids and some 16:0. The proportions of various fatty
acids depend on the specific balance between enzymatic chain elongation
and chain termination. The plasma lipids are derived from the diet and also
from storage in the body tissues. For non-ruminants, the diet has a large
influence on the fatty acid composition but for ruminants, biohydrogenation
in the rumen results in much less impact of diet on the final fatty acids
absorbed into the bloodstream.

One distinct difference between the fatty acid composition of the
various species is the proportion of short-chain fatty acids in the milk of
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Table 1.17. Major fatty acids in milk triacylglycerols from various species

Fatty acid composition (%, w/w)

Fatty

acid Cow  Sheep Goat Buffalo Camel Rabbit FurSeal Pig Human
4:0 3.9 4.0 3.1 3.6 1.0 0.2
6:0 2.5 2.8 22 1.6 0.2
8:0 1.5 2.7 2.4 1.1 0.5 22.4 0.5
10:0 3.2 9.0 6.3 1.9 0.1 20.1 0.7 1.0
12:0 3.6 5.4 2.9 2.0 0.5 2.9 0.2 0.5 4.4
14:0 11.1 11.8 7.7 8.7 10.0 1.7 8.7 4.0 6.3
14:1 0.8 1.5 0.4

15:0 1.2 0.3 0.4
16:0 27.9 25.4 22.0 304 31.5 14.2 18.5 329 22.0
16:1 1.5 3.4 1.9 3.4 9.0 2.0 10.0 11.3 3.7
18:0 12.2 9.0 10.6 10.1 14.0 3.8 1.8 3.5 8.1
18:1 21.1 20.0 23.7 28.7 25.0 13.6 225 35.2 34.0
18:2 1.4 2.1 2.7 25 3.0 14.0 1.4 11.9 10.9
18:3 1.0 1.4 1.0 25 44 0.8 0.7 0.3
>Cyo 29.4

Cow, (Creamer and MacGibbon, 1996); Sheep, (Glass et al., 1967); Goat, (Posati and Orr, 1976); Buffalo,
(Glass et al., 1967); Camel, (Gnan and Sheriha, 1981); Rabbit, (Glass et al., 1967); Antarctic fur seal, (Iverson
et al., 1997); Pig, (Glass et al., 1967); Human, (Jensen e al., 1995).

cow, sheep, goat and buffalo compared to the milk of camel, rabbit, fur seal,
pig and human (Table 1.17). Interestingly, the milk of the camel (a rumin-
ant) contains little C4 to C; fatty acids, whereas the rabbit (a non-ruminant)
has over 40% of the fatty acids as the medium-chain length fatty acids,
Cg to Cyp.

Generally, the milk fat of non-ruminants has a higher level of polyunsat-
urated fatty acids than the milk fat of ruminants, due to the direct absorption of
these fatty acids from the diet (Table 1.17). Marine mammals, such as the fur
seal, have also high levels of long-chain polyunsaturated fatty acids, 20:5 and
22:6, due to the presence of these fatty acids in the diet (Iverson et al., 1997).

Precht et al. (2001) found that the proportion of frans-18:1 fatty acid
isomers was similar in the milk fat of the cow, goat and sheep: vaccenic acid
(11£-18:1) was the major isomer in all these milks, accounting for 51, 37 and
47% of the total, respectively. The isomers between 97 and 16¢, excluding the
11¢, made up most of the rest (4-10% each).

Methods for distinguishing cow, sheep and goat milk, using the differ-
ences in fatty acid composition, have been reviewed by Ramos and Juarez
(1986). These methods involve comparing the ratios of fatty acids. For
example, the 12:0/10:0 fatty acid ratio is consistently higher in cow’s
milk (0.9-1.3) than in sheep’s milk (0.4-0.8) or goat’s milk (0.3-0.4)
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(Bernassi, 1963; Ramos and Juarez, 1986). Other ratios that have been
considered include 14:0/12:0 and 14:0/8:0, and more complex combinations,
such as 10:0/(12:0 + 16:0 4 18:1).

1.6.3. Triacylglycerols

Triacylglycerols are synthesised in the mammary gland, and the
enzyme specificity and substrate availability play a role in the final struc-
ture of the molecule. Table 1.18 shows the fatty acids esterified at each
position of the triacylglycerols in the milk of various species. The distinct-
ive feature of the triacylglycerols of ruminants (cow, sheep and goat) is the
presence of the short-chain fatty acids, 4:0 and 6:0, which are esterified
almost exclusively at the sn-3 position. In human and porcine milk fat more
than 50% of the 16:0 is at the sn-2 position; however, in the milk fat of cow,
sheep and goat, 16:0 is distributed more evenly between the sn-1 and sn-2
positions. 18:1 is esterified preferentially at the sn-1 and sn-3 positions in
human, porcine and bovine milk fat, although for the cow, the total
amount of 18:1 is less. In ovine and caprine milk fat, 18:1 is favoured at
the sn-3 position and there are smaller but similar amounts at the other
two positions.

Ruiz-Sala et al. (1996) compared the triacylglycerol composition of the
milkfat of sheep, cow and goat by HPLC, using ELSD detection. They

Table 1.18. Fatty acids esterified at each position of the triacylglycerols in the
milks from various species

Fatty acid composition (mol % of total fatty acids)

Cow Sheep Goat Pig Human

sn-1 sn-2 sn-3 sn-1 sn-2 sn-3 sn-1 sn-2 sn-3 sn-1 sn-2 sn-3 sn-1 sn-2 sn-3

4:0 0.4 30.6 10.8 13.2
6:0 0.7 13.8 10.4 10.6
80 03 35 42 03 20 44 17 12 46
100 14 81 75 14 52 103 33 69 122 02 02 11
120 35 95 45 22 47 35 40 46 12 1.3 21 56

14:0 13.1 256 69 82 176 53 84 203 27 24 68 37 32 73 69
16:0 43.8 389 9.3 38.0 23.8 25 436 339 34 218 57.6 154 16.1 582 5.5
18:0 176 46 6.0 191 126 9.1 153 63 77 69 11 14 150 33 18
18:1 19.7 84 17.1 18.7 193 272 16.1 16.1 30.2 49.6 139 S51.7 46.1 12.7 50.4
18:2 27 42 60 03 25 45 113 84 11.5 11.0 7.3 150
18:3 22 1.7 44 14 10 18 04 06 13

Cow, (Parodi, 1979); Sheep and Goat, (Kuksis e al., 1973); Pig, (Christie and Moore, 1970); Human,
(Breckenridge et al., 1969).
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found significant differences in the proportions of very low molecular weight
triacylglycerols (carbon number =34) in the three milk fats, with sheep
having the highest proportion (18.2%), followed by goat (15.2%) and cow
(10.8%). This supports the earlier work of the same group (Barron et al.,
1990) using HPLC and UV detection. Andreotti er al. (2002) used '*C
nuclear magnetic resonance (NMR) to study the low molecular weight
triacylglycerols in cow, sheep and goat milk fats. Principal component
analysis of the signals from multiple samples showed distinct clusters relat-
ing to each of the three sources of milk fat, providing a possible method for
distinguishing between the milks of these three species.

Precht (1992) developed a method for determining foreign fats in
cows’ milk using a mathematical combination for the levels of specific
individual triacylglycerols. This formed the basis of a European standard
method for detecting foreign fats in bovine milk fat (European Commission,
1999). The limit of detection of adulteration depends on the foreign fat, but
is typically 2-7%. Goudjil et al. (2003) and Fontecha et al. (1998) used a
modification of the Precht method to detect non-milk fats in sheep and goat
milks. While effective for non-milk fats, the methods are less sensitive in
distinguishing adulteration of one milk fat with another. For instance, they
were able to detect only 30% of cow’s milk in sheep’s milk.

1.6.4. Polar Lipids

The proportions of corresponding phospholipid classes in the milk of
various animal species are remarkably similar (Table 1.19). In each case,
phosphatidylethanolamine, phosphatidylcholine and sphingomyelin are the

Table 1.19. Phospholipid classes in the milk from various animal species

Composition (mol % of total phospholipids)

Phosphatidyl- Phosphatidyl- Phosphatidyl- Phosphatidyl-

Species ethanolamine inositol serine choline Sphingomyelin
Cow? 32 5 3 35 25
Sheep® 36 3 3 29 28
Goat® 33 6 7 26 28
Buffalo® 30 4 4 28 32
Camel® 36 6 5 24 28
Ass? 32 4 4 26 34
Pig? 37 3 3 22 35
Human?® 26 4 6 28 31

& Morrison (1968)
b Kataoka and Nakae (1973)
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major phospholipids, with smaller amounts of phosphatidylinositol and
phosphatidylserine. Morrison (1968) reiterated the fact that the total pro-
portion of choline-containing phospholipids (phosphatidylcholine and
sphingomyelin) is remarkably constant; the total for the camel is 52% and
for all the others is in the range 56-61%, suggesting that these phospholipids
perform a similar function in all milks.

The positional distribution of the fatty acids in two phospholipids,
phosphatidylcholine and phosphatidylethanolamine, in bovine and human
milk is described in Table 1.13 (Christie, 1995). The fatty acids in bovine milk
phospholipids have a lower degree of unsaturation than those in human
milk phospholipids. However, the distribution of fatty acids between the
two positions is similar. Polyunsaturated fatty acids are attached preferen-
tially at the sn-2 position, the monounsaturates are distributed similarly
between the two positions, and 18:0 is esterified preferentially at the sn-1
position; while the other saturated fatty acids (14:0, 16:0) are distributed
more evenly (bovine phosphatidylethanolamine being an exception).
The phospholipids in human milk show remarkable selectivity for 18:0 at
the sn-1 and 18:2 at the sn-2 positions.

Pan and Izumi (2000) found that the concentration of gangliosides
in human milk (9.5 mg LBSA/L) is higher than in cows’ milk (4.0 mg LBSA/
L). The gangliosides in human and bovine milk also differ in their fatty
acid composition (Bode et al., 2004). GD3 and GM3 for each species had
similar fatty acid composition, but differences existed between the species
(Table 1.14). Human milk gangliosides contain less very long-chain satur-
ated fatty acids, especially 23:0, than bovine milk gangliosides, and more of
16:0 and 18:0. It is not known whether these differences have any influence
on the physiological effects of the gangliosides.
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Milk Fat: Origin of Fatty Acids and
Influence of Nutritional Factors
Thereon

D.L. Palmquist

Abstract

Ruminant milk fat is of unique composition among terrestrial mammals,
due to its great diversity of component fatty acids. The diversity arises from
the effects of ruminal biohydrogenation on dietary unsaturated fatty acids
and the range of fatty acids synthesized de novo in the mammary gland.

Forty to sixty per cent of milk fatty acids are long-chain (predomin-
antly Cs) fatty acids derived from the diet, dependent on the amount of fat
in the diet. Fatty acids from C4 to Cy4 are synthesized de novo in the
mammary gland whereas C¢ arises from both diet and de novo synthesis.

Milk fat is the most variable component of milk, both in concentration
and composition. In dairy cattle, both the concentration and composition
of milk fat are influenced by the diet. Concentration is reduced by feeding
diets that contain large proportions of readily-fermentable carbohydrates
(starch) and unsaturated fat. Conversely, the percentage of fat in milk can
be increased by feeding rumen-inert fats. In ruminants, in contrast with non-
ruminants, dietary fats have little effect on milk fat composition. Neverthe-
less, subtle changes in composition and manufacturing functionality can be
effected by feeding different fats. Those fatty acids synthesized de novo,
especially Cy; to Cig, and oleic acid (Cig.;) show greatest variation when
supplemental fats are fed.

Modern developments in the manufacture of rumen-protected and
rumen-inert fats, together with increased understanding of ruminal and
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animal lipid metabolism, provide considerable flexibility in manipulation
of the composition of milk fat for specific nutritional and manufacturing
needs.

Future advances in the science of milk fat and nutrition will come from
focusing on the unique biological properties of minor milk fatty acids arising
from ruminal biohydrogenation and possibly some of de novo mammary
origin.

2.1. Introduction

Among the biological lipids, few exceed bovine milk fat in the complexity of
fatty acids present and triacylglycerol (TAG) structure. This, together with
its importance commercially as a human food, has generated very large data
bases on the synthesis and composition of milk fat. In spite of this, Jensen
(2002) lamented the paucity of new information on the content of trace fatty
acids and complex lipids in milk fat.

If one considers the review of Jensen (2002) to represent current
knowledge of the composition of bovine milk lipids, it is instructive to
consider the review of Garton (1963) as a point to begin the topic of this
chapter. Garton (1963) quoted a study reporting 64 individual fatty acids
in milk fat; further on, he marvelled at the “bewildering complexity of
unsaturated fatty acids present in the milk fat of ruminants,” noting that
these were apparently associated with ruminal microbial metabolism, in
particular ruminal biohydrogenation. Jensen (2002) lists 416 fatty acids in
bovine milk lipids. Forty years ago, the complexity of bovine lipids was
recognized, as well as the dual sources of origin, i.c., de novo synthesis of
the short-chain fatty acids in the mammary glands and longer-chain fatty
acids of dietary origin. However, little was known of the quantitative sign-
ificance of each. Rapid progress in studies of fatty acid synthesis in the
mammary glands occurred between 1960 and 1980. More recent efforts
have been directed toward characterizing genetic determinants of, and the
physiological regulation of, lipid synthesis and evaluating the effects of milk
fatty acids on human health and as unique regulators of cell and gene
function.

As knowledge of the biological functions of minor milk fatty acids has
increased, a new appreciation for studies of effects of nutritional and
animal management on milk fat composition has been gained. Because animal
nutrition and management are key factors in the manipulation of milk fat
composition, this chapter will address the synthesis of milk fatty acids and
glycerides from the standpoint of regulation and opportunities for manipu-
lation by various feeding strategies.
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2.2. Origin of the Fatty Acids in Milk Fat

2.2.1. Overview

The question of the origins of milk fat, whether wholly from the diet or
synthesized by the animal, was an early topic of debate (Jordan and Jenter,
1897). A leading theory, put forth by the eminent lipid chemist, Hilditch
(1947), was that the unique short-chain fatty acids arise from the degrad-
ation of oleic acid. This conclusion was based upon empirical observations
on the composition of ruminant depot and milk fats.

2.2.2. Fatty Acid Transport

Modern concepts of milk fat synthesis developed rapidly in the 1950s
with the carefully-designed physiological studies in lactating goats by Popjak
et al. (1951) which showed unequivocally the de novo synthesis of short-chain
fatty acids from '“C-labelled acetate. Also, the incorporation of tritium-
labelled stearic acid into milk fat was demonstrated by Glascock et al.
(1956). From empirical calculations of the quantity of dietary fat and the
recovery of label in milk fat, the latter authors estimated that dietary fat
contributed a maximum 25% of the weight of milk fat.

From further studies that compared specific radioactivities of the
TAGs in plasma B-lipoproteins and milk fat, Glascock et al. (1966) con-
cluded that up to 48% of milk fatty acids were derived from B-lipoprotein
TAGs. Because the long-chain fatty acids comprise approximately 50%
of milk fat, this observation implied that more than 90% of these fatty
acids were of plasma origin, consistent with the demonstration of little
fatty acid elongation in the mammary gland (Palmquist et al., 1969). Finally,
Glascock and coworkers (see Bishop et al., 1969) concluded, from compar-
isons of specific radioactivities of dextran sulfate-precipitable lipoproteins
and milk fat labelled with tritiated palmitic acid, that no more than 36% of
the milk fat could have been derived from the plasma TAGs. In neither study
did Glascock and colleagues provide data on quantities of dietary fat nor on
the yield and composition of milk fat. However, in the latter study (Bishop
et al., 1969), they indicated that palmitic acid constituted 39% of milk fat by
weight, a value that would be observed only at a very low dietary fat intake.
Thus, the lower contribution of plasma TAGs to milk fat synthesis may not
be incompatible with the earlier study (Glascock et al., 1966).

Palmquist and Conrad (1971) fed or intravenously infused 1-'*C palm-
itic acid into lactating cows and mathematically calculated the partition of
14C secreted into milk fat as originating from two pools, diluted due to
turnover of the dietary and endogenous fatty acids. The proportions of the
long-chain fatty acids in milk derived from the diet were influenced by the
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Figure 2.1. Model of linoleic acid transport from intestine to milk. Incorporation into
intestinal lipoprotein triacylglycerols accounted for 51% of absorbed “C linoleic acid; of this
76% was incorporated directly into milk whereas 10% was incorporated into milk after cycling
through other metabolic pool(s). Adapted from Palmquist and Mattos (1978).

composition of the diet. In further studies, Palmquist and Mattos (1978)
injected 1-'*C-linoleic acid as labelled chylomicron TAGs, very low density
lipoproteins (VLDL) or albumin-bound fatty acids. From curve analysis of
labelled milk fat secretion and reanalysis of earlier data reported by Palmquist
and Conrad (1971), they concluded that 88% of long-chain fatty acids in milk
were derived directly from TAGs of intestinal lipoproteins while 12% were
derived from TAGs of endogenous origin. A model was developed, showing
that 76% of absorbed TAG linoleic acid was taken up directly by the mam-
mary glands (Figure 2.1). Using a more direct approach, Glascock ez al. (1983)
injected H TAGs into sheep at various stages of lactation and measured the
partition of label to adipose TAGs, milk lipids or oxidation, as measured by
appearance of 3H in the body water. Partition of blood TAGs to milk clearly
declined with increasing days in lactation (Figure 2.2), with maximal incorp-
oration (46%) at 18 days of lactation. The proportion of injected TAGs
transferred to milk fat was much lower than that estimated for lactating
cows by Palmquist and Mattos (1978) and the estimated proportion that was
oxidized was much higher than reported for lactating goats by Annison et al.
(1967). Both of these divergent observations of Glascock et al. (1983) may be
due to use of non-dairy breeds of sheep. Nevertheless, the point of changing
partition of plasma TAGs in different physiological states was clearly estab-
lished, consistent with the principles of homeorhesis described by Bauman and
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Figure 2.2. Cumulative secretion of radioactivity in milk fat of sheep after intravenous
injection of an emulsion of [*H] triacylglycerol at (@) 18 days, (O) 35 days, (A) 58 days and
(A) 73 days after lambing. (From Glascock et al., 1983; reprinted with the permission of
Cambridge University Press).

Currie (1980). Detailed studies by Annison and colleagues (Annison et al.,
1967; West et al., 1972) showed that both TAG fatty acids and non-esterified
fatty acids (NEFAs) of plasma were taken up by the mammary glands of
lactating goats. TAG uptake accounted for up to 60% of milk fat secreted.
However, no net uptake of NEFAs occurred. The specific activity of radiola-
belled NEFAs decreased across the gland, indicating dilution of NEFAs by
fatty acids arising from the hydrolysis of plasma TAGs in the capillaries by
mammary lipoprotein lipase (LPL) and subsequent mixing with plasma
NEFAs. Similarly, Mendelson and Scow (1972) showed that 40% of TAG
fatty acids hydrolyzed by rat mammary LPL were released in plasma, thus
mixing with plasma NEFAs. Net uptake of plasma NEFAs by the mammary
glands occurs at the high NEFA concentrations (Miller et al., 1991; Nielsen
and Jakobsen, 1994) observed immediately post-partum or in sub-clinical
ketosis. Usually, in established or mid-lactation, net uptake (ca. 40 pwmol/L)
is variable (+ or —), averaging about zero, so that uptake of fatty acids from
the NEFA pool is not evident unless labelled tracers are used. However, milk
fat concentration is positively correlated (r = 0.76,P <0.05) with plasma
NEFA concentration (Pullen ef al., 1989). Significant amounts of NEFAs
were transferred from plasma to milk in the mammary glands of lactating
rabbits and rats (Jones and Parker, 1978).

2.2.3. Lipoprotein Lipase

The TAG-rich chylomicra and VLDL of plasma are the primary
source of long-chain fatty acids taken up by the mammary glands. Uptake
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is mediated by lipoprotein lipase (LPL), an enzyme that hydrolyzes TAGs
to form fatty acids, glycerol and perhaps 2-monoacylglycerol. Mammary
gland LPL was described first by Korn (1962) who showed its presence in
cows’ milk; subsequently, LPL activity was characterized in guinea pig mam-
mary glands by McBride and Korn (1963) and Robinson (1963). The enzyme
in tissue and milk is identical (Castberg et al., 1975). Characteristics
and regulation of mammary LPL were discussed in detail by Barber et al.
(1997). LPL is associated with vascular endothelial surfaces, bound by hep-
arin sulfate chains; it is released rapidly by intravenous injection of heparin,
which competes with endothelial binding sites of the enzyme, and by
the presence of TAG-rich lipoproteins. The enzyme has an absolute require-
ment for apolipoprotein C-1I for activation and is inhibited by apolipoprotein
C-IIT and by 0.5 M NaCl. Apolipoproteins E, which have strong heparin-
binding properties, anchor TAG-rich lipoproteins to the endothelial cell walls
(Goldberg, 1996). Mammary LPL activity increases markedly immediately
prior to parturition and remains high throughout lactation in the guinea pig
(McBride and Korn, 1963; Robinson, 1963), rat (Hamosh et al., 1970) and
cow (Shirley et al., 1973; Liesman et al., 1988), whereas it is simultaneously
down-regulated in adipose tissue (Hamosh et al., 1970; Shirley ez al., 1973).
These coordinated changes are mediated by the anterior pituitary via the
release of prolactin (Zinder et al., 1976; Liesman et al., 1988; Thompson,
1992), and nicely illustrate the concept of homeorhetic regulation of physio-
logical function (Bauman and Currie, 1980).

2.2.4. Transport of Long-Chain Fatty Acids into Mammary Cells

The mechanism(s) for the transfer of fatty acids from the capillaries
into mammary cells are not well-documented. Enjalbert ez al. (1998) observed
a nearly linear correlation between mammary arterio-venous difference
and arterial concentration of NEFAs + TAGs in the range of 400 to
750 wmolar (wM), or below saturation for uptake, as described by Baldwin
et al. (1980). Veercamp et al. (1991) suggested that saturation of fatty acid
uptake may result from subsequent intracellular processes (see below), from
limitations of intracellular diffusion or from diffusive equilibration between
extracellular albumin and intracellular fatty acid-binding protein (FABP).
A “flip-flop” model, implying carrier-mediated transport, may be too slow to
account for fatty acid uptake (Hajri and Abumrad, 2002). Barber et al. (1997)
have argued for the role of a specific 88 kDa protein, fatty acid translocator
(FAT, CD 36), in the transport of fatty acids across the mammary epithelial
cell membrane, working in conjunction with intracellular FABP. Scow et al.
(1980) and Blanchette-Mackie and Amende (1987) made a case for the
strongly amphipathic fatty acid molecules to move laterally in a continuous
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interface composed of the chylomicron (VLDL) surface film and the external
leaflet of plasma and intracellular membranes of endothelial and parenchy-
mal cells, with removal within the cell cytosol as the fatty acids become
esterified. Though this model (Scow et al., 1980) is supported by numerous
exquisite photomicrographs, it does not explain the loss of up to 40% of the
fatty acids from hydrolyzed chylomicron TAGs as plasma NEFAs (Mendel-
son and Scow, 1972) nor does it provide a role for intracellular FABP. An
alternative model is that described for the diffusion of the amphipathic
fatty acids through the amphipathic microvillus membrane of the intestine
(Thomson et al., 1983). Although diffusion would be too slow for uptake of
albumin-bound NEFAgs, it could account for uptake from TAG-rich lipopro-
teins tightly associated with the capillary endothelium (Hajri and Abumrad,
2002). In this model, longer-chain and more saturated fatty acids diffuse
through the membrane more rapidly because they are more hydrophobic,
consistent with the order of uptake of fatty acids by the bovine mammary
gland (Thompson and Christie, 1991). Because the concentration of CoASH
is very low and well below saturation in cytosol, it could well be that the
limiting steps in the rate of fatty acid uptake are those that determine the rate
of fatty acyl-CoA incorporation into TAGs which, in turn, frees up CoASH
for acyl CoA synthetase, thereby freeing up a site for binding of a new fatty
acid to otherwise saturated FABP and subsequent removal of another fatty
acid from plasma; e.g., if there are no intracellular binding sites available for
fatty acids from TAG hydrolysis, they are lost from the glands as
NEFAs. This fits with the data of Enjalbert et al. (1998) and others where
consideration of TAGs and NEFAs together leads to less variance than seen
with either alone.

FABPs have been implicated in transmembrane and intracellular
transport of fatty acids (Veerkamp et al., 1991; Storch and Thumser,
2000). These are a group of tissue-specific proteins of about 14-15 kDa
that bind long-chain fatty acids (Cj6—Cy) with high affinity and a molar
stoichiometry of 1:1. Most bind unsaturated fatty acids with higher affinity
than saturated fatty acids. In addition to transport functions it has been
proposed that they modulate specific enzymes of lipid metabolism, regulate
expression of fatty acid-responsive genes, maintain cellular membrane fatty
acid levels, and reduce the concentration of fatty acids in the cell, thereby
removing their inhibitory effect on metabolic processes.

More recently, a greater role in regulating concentrations and transport of
fatty acids in the cytosol has been proposed for the acyl-CoA-binding proteins
(ACBP; Knudsen et al., 2000). ACBP is an 86-103 residue protein, with a
highly-conserved amino acid sequence, that binds long-chain acyl-CoA with
a 10-fold higher affinity than does FABP (Rasmussen et al., 1990), thus
being much more effective in protecting membranes from damaging effects
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Figure 2.3. Regulation of cytosolic free acyl-CoA concentration. The major factors affecting
the cytosolic free long-chain acyl-CoA ester (LCA) concentration are the rates of LCA synthe-
sis, uptake and consumption, the concentration of acyl-CoA-binding protein (ACBP), fatty
acid-binding protein (FABP) and the acyl-CoA hydrolase activity. The two binding proteins
buffer large fluctuations in free LCA concentration. The acyl-CoA hydrolases are suggested to
function as a “scavenger’ system to prevent the accumulation of free unprotected LCA and to
ensure sufficient free CoA to support B-oxidation and other CoA-dependent enzymes. Sterol
carrier protein 2 (SCP2), which binds LCA and very long chain-LCA, is localized in the
peroxisomes. It is suggested that SCP2 acts as a peroxisomal pool former for LCA destined
for B-oxidation in this organelle. (Adapted from Knudsen et al., J. Nutrition 130:294S-298S,
2000, with permission).

of long-chain acyl-CoA esters. Many factors regulate the concentration of
unbound acyl-CoA in cells (Figure 2.3). Under conditions in which the
concentration of ACBP is not adequate to bind long-chain acyl-CoA, FABP
takes over the buffering function, thus protecting cellular membranes from
damage (Knudsen et al., 2000). The concentration of ACBP is highest in liver
cytosol, and interestingly, was found to be lowest in the mammary glands of
the cow (Mikkelsen and Knudsen, 1987). One might expect, based on the
presumption of an association of ACBP concentration with tissue lipid meta-
bolic rates, that the concentration of ACBP might be high in mammary tissue.

2.2.5. Summary of the Supply of Long-Chain Fatty Acids
to the Mammary Gland

More than 95% of Cig and longer-chain fatty acids in milk fat are
derived from the blood TAG-rich lipoproteins. Non-esterified fatty acids are
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taken up also, but net uptake is measurable only when the concentrations of
NEFAs are high, notably in the early weeks of lactation when energy
balance is negative and extensive mobilization of body lipid stores occurs.
When cows are not in negative energy balance, adipose tissues contribute
less than 15% of long-chain fatty acid uptake. Three-fourths of intestinal
lipoprotein TAGs are taken up by lactating mammary glands. The propor-
tion of the palmitic acid in milk fat derived from blood lipids is variable.
When dietary fat intake is low, nearly all of palmitic acid is synthesized
de novo in mammary tissue. As fatty acid uptake from blood TAGs
increases, the proportion of palmitic acid from de novo synthesis decreases
to 30% or less of the total.

2.3. Uptake of Non-Lipid Metabolites by Lactating
Mammary Glands

In addition to long-chain fatty acids from plasma, the major nutrients
utilized for milk fat synthesis are glucose, acetate and B-hydroxybutyrate.
Kinetics for the uptake of these from blood were reported by Miller ez al.
(1991). Glucose is absolutely required for milk synthesis, being a precursor
for lactose or other carbohydrates, or both, in all terrestrial mammals
(Oftedal and Iverson, 1995).

In fasting animals, the arterial supply of glucose is limiting for milk
synthesis (Chaiyabutr et al., 1980), whereas in fed animals glucose uptake is
independent of arterial concentration (Miller et al., 1991). In the lactating
mammary tissues of both ruminants and non-ruminants, glucose is taken up
via facilitative transport systems, namely, the insulin-independent GLUTI
and probably a Na'-dependent glucose transporter (Zhao et al., 1996;
Shennan and Peaker, 2000; Nielsen et al., 2001). There is no evidence for
the insulin-sensitive GLUT 4 transporter in lactating mammary tissues of
either rats or cattle. Baldwin et al. (1980) suggested, on the basis of the
limited arterio-venous difference data available in the literature at that time,
that Michaelis-Menten type equations could be used to describe glucose
uptake across the bovine udder. The data they collected were from a number
of different studies and were highly scattered, such that the statistical fit to
the data was improved only slightly by using a Michaelis-Menten as
compared to a linear equation. Uptake of B-hydroxybutyrate and TAGs
by the lactating mammary glands were well described by Michaelis-Menten
relationships, whereas the uptake of acetate was strongly linear (Baldwin
et al., 1980). These authors cautioned that the uptake of metabolites by
lactating mammary glands are interrelated, such that mathematical descrip-
tions for individual nutrients are not unique, but are influenced by the
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availability and uptake of other nutrients. In summarizing an extensive
arterio-venous difference study on nutrient uptakes by cows’ udders, these
workers re-emphasized this point and concluded that factors other than
arterial blood glucose concentration govern glucose uptake and utilization
(Miller et al., 1991; Baldwin, 1995).

A serine/threonine protein kinase, Akt, is thought to regulate the
expression or function of glucose transport proteins in adipose tissue, and
also may represent a central signalling molecule in mammary gland devel-
opment and function. Expression of constitutively activated Akt in mam-
mary glands of transgenic mice resulted in precocious lipid accumulation; fat
content of the milk was 65 to 70% by volume, compared with 25 to 30% in
wild-type mice (Schwertferger et al., 2003).

2.4. Fatty Acid Synthesis in Mammary Glands

Fatty acid synthesis in lactating mammary glands was discussed in detail by
Hillgartner et al. (1995) and Barber et al. (1997). Comparative aspects of
fatty acid synthesis in mammary glands of ruminants and non-ruminants
were reviewed by Dils (1986) and an in-depth review of lipid metabolism in
ruminant mammary glands was provided by Moore and Christie (1981).
Requirements for fatty acid synthesis are a carbon source and reducing
equivalents in the form of NADPH + H". In ruminants, acetate and
B-hydroxybutyrate are the primary carbon sources utilized, while glucose
and acetate are the primary sources of reducing equivalents (Bauman and
Davis, 1974). In non-ruminants, glucose is the primary source of both
carbon and reducing equivalents (Figure 2.4). Enzyme acivities and utiliza-
tion of substrates by mammary tissues are increased dramatically relative to
those of non-mammary tissues at the onset of lactation (Bauman and Currie,
1980; Vernon et al., 1987).

2.4.1. Sources of Carbon and Reducing Equivalents for Fatty Acid
Synthesis

The basic starting substrate for fatty acid synthesis is acetyl-CoA (see
below). In ruminants, the provision of this substrate is straightfoward.
Acetate from blood (+ CoA + ATP) is converted by the cytosolic acetyl-
CoA synthase (EC 2.3.1.169) to AMP and acetyl-CoA, which can then be
used for fatty acid synthesis. In non-ruminants, glucose is converted via the
glycolytic pathway to pyruvate, which is, in turn, converted to acetyl-CoA in
mitochondria. Acetyl-CoA thus formed is converted to citrate which passes
out to the cytosol where it is cleaved by ATP-citrate lyase (EC 2.3.3.8) to
acetyl-CoA + oxalacetate (OAA). This “transport” of acetyl-CoA from
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Figure 2.4. The provision of acetyl-CoA and NADPH for lipogenesis. PPP, pentose phos-
phate pathway; T, tricarboxylate transporter; K, a-ketoglutarate transporter. In ruminants,
pyruvate dehydrogenase, ATP-citrate lyase and malic enzyme activities are low and perhaps
non-functional. (From Murray et al., 1988. Harper’s Biochemistry, 21st edn, p. 207, Appleton
and Lange, Norwalk, CT; reproduced with permission of The McGraw-Hill Companies).

mitochondria to the cytosol also results in the transport of OAA to the
cytosol. OAA cannot move freely across the mitochondrial membrane as can
pyruvate and citrate, but it can be reduced by NADH + H to form malate,
which is converted by the malic enzyme (EC 1.1.1.40) to pyruvate and
NADPH + H*. Pyruvate can enter the mitochondrion and be converted to
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OAA by pyruvate carboxylase (EC 6.4.1.1), thereby completing the net
transport of the C, unit (acetate) from the mitochondrion to the cytosol
with the added advantage of having converted a reducing equivalent as
NADH + H* to NADPH + H". This mechanism of “C, transport” pro-
vides up to 50% of the NADPH + H* for fatty acid synthesis in non-
ruminants.

The reductive steps of FAS have a specific requirement for NADPH,
whereas glycolysis, also a cytosolic process, generates NADH. In non-
ruminants, some of the required NADPH is generated in the first two
oxidative steps in the pentose phosphate pathway by glucose-6-phosphate
dehydrogenase and 6-phospho-gluconate dehydrogenase, respectively. This
provides perhaps one-half of the reducing equivalents required for fatty acid
synthesis. In rats and mice, the remainder is generated as an adjunct to the
mechanism of C, transport from the mitochondrion to the cytosol discussed
above (Figure 2.4). The activities of both citrate lyase and malic enzyme
increase with high carbohydrate diets in non-ruminants. The activities of
these latter enzymes are low in ruminants, sows (Bauman et al., 1970) guinea
pigs, and rabbits (Crabtree et al., 1981), probably reflecting the greater
avilability of acetate as a lipogenic precursor in these species or the absence
of the need to transport C, units from the mitochondrion to the cytosol,
or both.

Glucose oxidation via the pentose phosphate pathway (PPP) is an
equally important source of NADPH + H* in ruminants and also provides
glycerol-3-phosphate for fatty acid esterification as an alternative to the
glycolytic pathway. Glucose oxidation via the PPP accounts for 10 to
40% of ruminant mammary glucose utilization and 25 to 40% of mammary
CO; output (Bickerstafte e al., 1974; Cant et al., 1993). Wood et al. (1965)
examined glucose utilization in perfused cow udders. Twenty-three to 30% of
glucose was metabolized via the PPP, 10% was utilized in the Emden-
Meyerhof pathway, and 60 to 70% was converted to lactose. A similar
proportion was oxidized in the PPP in rats, but only 10 to 20% was utilized
for lactose and up to 50% underwent glycolysis to provide C, units for
lipogenesis (Katz and Wals, 1972).

ATP-citrate lyase activity is low in ruminants (Ballard ef al., 1969), and
originally was considered to be the limiting factor that blocks the incorpor-
ation of glucose carbon into fatty acid carbon in ruminants. However,
physiologically, this is not the reason. The negative feedback of acetyl-CoA
formed from acetate on pyruvate dehydrogenase probably results in essen-
tially complete inhibition of the enzyme activity in mammary as well as other
tissues, thereby yielding a net sparing of glucose which is appropriate to the
limited availability of glucose in these species. Inhibition of pyruvate dehy-
drogenase by acetyl CoA in vivo is consistent with the low incorporation of
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pyruvate and lactate into fatty acids in vivo and also the incorporation of
significant amounts of lactate and pyruvate carbon into fatty acids by bovine
mammary tissue at high substrate concentrations in vitro in the absence of
acetate (Forsberg et al., 1985; Torok et al., 1986). Conversion of glucose to
fatty acids is low even in the absence of acetate, indicating a block somewhere
between fructose-6-phosphate and pyruvate, possibly at phosphofructokinase
(PFK) or in triose-phosphate metabolism, but this issue has not received any
significant attention. Acetyl-CoA is a strong positive effector of pyruvate
carboxylase. Citrate occurs at a rather high concentration in milk, being
generated in the citric acid cycle from acetate, and the carboxylation of pyru-
vate and propionate. Because acetyl-CoA transport from mitochondria to the
cytosol is not necessary in ruminants, cytosolic OAA and malate are not
generated, so that NADPH + H' from the malic enzyme is not available to
support fatty acid synthesis. Instead, citrate diffuses from the mitochondrion to
the cytosol and is converted to isocitrate, which is used to generate the
NADPH + H* required via the cytosolic NADP-isocitrate dehydrogenase (EC
1.1.1.42), accounting for as much as 50-60% of total NADPH used by rumin-
ant fatty acid synthase (Mellenberger et al., 1973; Mellenberger and Bauman,
1974). The product of this reaction, a-ketoglutarate, is transported back into
the mitochondrion (Figure 2.4). A unique aspect of this pathway is that
NADPH is generated by oxidation of acetate, thus sparing glucose (Bauman
et al., 1970). High-fat diets reduce de novo fatty acid synthesis, thus decreasing
the demand for reducing equivalents. This spares mammary glucose, freeing it
for lactose synthesis (Cant et al., 1993). Isocitrate oxidation is decreased,
causing citrate concentration in milk to increase (Faulkner and Pollock, 1989).

2.4.2. Acetyl-CoA Carboxylase

The first committed step for the incorporation of acetate carbon into
fatty acids is mediated by acetyl-CoA carboxylase (ACC; EC 6.4.1.2) in two
steps, as follows (Allred and Reilly, 1997):

Enzyme + biotin + ATP + HCO; — Enz—biotin—CO, + ADP + Pi

Enz—biotin—CO; + acetyl-CoA — Enzyme + malonyl-CoA

Five transcripts of the gene for ACCa have been described (Kim,
1997). These occur by two independent promoters, PI and PII, and differ-
ential splicing of the primary transcripts. Transcripts derived from PI have
been characterized in adipose tissue while those from PII are found in
mammary tissue (Kim, 1997). A third promoter (PIII) has been character-
ized in ovine mammary glands; it generates a transcript encoding an enzyme
with an alternative N-terminus. Whereas PI was strongly expressed in bovine
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udder (Mao et al., 2001), it was not detected in the udder of lactating sheep
by Travers et al. (2001). Both PII and PIII transcripts increased with lacta-
tion in sheep (Clegg et al., 2001); PII was strongly induced (~10-fold) by
lactation in rats (Ponce-Castefieda et al., 1991), but increased only about
3-fold in cows (Mao and Seyfert, 2002). The PIII promoter is strongly
induced by lactation, being stimulated by prolactin via STAT 5 activation
(Mao et al., 2002). Molenaar et al. (2003) reevaluated all three promoters in
mammary epithelial cells from cows and sheep, showing that all were active
in both species. However, whereas all three promoters were shown to be
relevant for milk fat synthesis in cattle, only PII and PIII were crucial for
milk fat synthesis in sheep.

In liver, adipose, and possibly mammary, tissues, ACC is regulated
acutely by phosphorylation/dephosphorylation and by allosteric mechan-
isms involving fatty acids (fatty acyl-CoA) and citrate, whereas the amount
of protein is regulated by several hormones, including insulin, growth hor-
mone, possibly via IGF-1, and prolactin (Kim et al., 1992; Allred and Reilly,
1997; Barber et al., 1997). Short-term regulation of ACC in liver and adipose
tissues is well characterized. Very few studies of ruminant mammary tissue,
where some of the same mechanisms may be present, have been reported. A
possible reason for this deficiency is that the study of acute hormonal
actions, which involve phosphorylation and dephosphorylation, require
the use of cells with intact membranes. The high level of connective tissue
in ruminant mammary tissue requires extensive incubation with collagenase
to permit the isolation of secretory cells and these, most often, have severely
damaged cell membranes, which are then unable to respond to hormonal
signals.

Short-term hormonal regulation of ACC is achieved by covalent mod-
ifications of the enzyme by phosphorylation or dephosphorylation, which
either increase or decrease its activity. These changes in enzyme activity are
observed within minutes of exposure to hormones and thus are not likely due
to changes in the amount of enzyme (Kim, 1983). Lee and Kim (1979)
reported that incubation of rat adipocytes with epinephrine doubled the
incorporation of 3P into ACC within 30 minutes and reduced enzyme
activity by 61%. Witters et al. (1979) established a similar relationship
between phosphorylation and inactivation of rat hepatocyte ACC following
glucagon treament.

Rat liver ACC which has been phosphorylated and inactived by a
cyclic AMP—dependent protein kinase can be dephosphorylated and reacti-
vated by incubation with a protein phosphatase (Curtis et al., 1973). Simi-
larly, ACC purified from rat or rabbit mammary glands are activated by
dephosphorylation on incubation with a protein phosphatase (Hardie and
Cohen, 1979; Hardie and Guy, 1980).
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An early concern in studies of the activation of ACC by citrate was
that the concentration of citrate required for activation was higher than that
normally observed in tissues. Thus, it was of interest to find that the K, for
the binding of citrate to phosphorylated ACC of 2.4 mM was reduced to
0.2 mM by dephosphorylation (Carlson and Kim, 1974). Further, the
dephosphorylated form of ACC is more susceptible to inhibition by palmi-
toyl-CoA. Also, phosphorylation and inactivation of ACC is accompanied
by conversion of active polymers to inactive protomers (Shiao et al., 1981).
Mabrouk et al. (1990) found that inactive protomers isolated from the livers
of rats injected with glucagon have a higher phosphate content than proto-
mers isolated from the livers of control animals.

The signal transduction system responsible for ACC phosphorylation
and inactivation has been studied in considerable detail. ACC isolated from
rat mammary glands or rat livers is phosphorylated and inactivated by
cAMP-dependent kinases. The **P-labeled peptide isolated from rat adipo-
cyte ACC after treatment with epinephrine and tryptic digestion co-migrated
with the *?P-labeled peptide isolated after phosphorylation of purified ACC
by cAMP-dependent kinase. There are three cAMP-independent protein
kinases. Of these, ACC kinase-3 is stimulated by phosphorylation
and AMP and is refered to as AMP-activated protein kinase. While the
cAMP-dependent protein kinase phosphorylates Ser;; and Serjpp and
causes moderate inactivation of ACC, the AMP-activated protein kinase
phosphorylates at Ser79 and Serjzg and causes a dramatic inactivation of
ACC purified from lactating rat mammary glands (Munday et al., 1988).
Further studies (Haystead et al., 1990) established that hormone-induced
phosphorylation of Ser;; by cAMP-dependent protein kinases may not
occur in vivo, but rather, that the cAMP-elevating hormones activate
the AMP-activated protein kinase via a kinase-kinase system and that the
phosphorylation at Serjg by this enzyme, in turn, is the mechanism of
inactivation of ACC.

In contrast to the acute inactivation of ACC by cAMP-elevating
hormones, it is well established that insulin stimulates fatty acid synthesis
in several tissues, including lactating rat mammary acini, within a few
minutes of treatment (Williamson et al., 1983). Responses of ruminant
lipogenic tissues to insulin are generally far less dramatic than in rodents.
For example, Yang and Baldwin (1973) found only a doubling of fatty acid
synthesis in bovine adipocytes treated with insulin during a 3-hour incuba-
tion. Lactating cow mammary tissue does not appear to exhibit acute
responses to insulin in vitro (Forsberg et al., 1985; Laarveld et al., 1985)
although the tissue does have insulin receptors (Oscar et al., 1986).

The insulin-induced enhancement of fatty acid synthesis in non-
ruminant adipose and liver tissues is associated with an increase in the
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phosphorylation of ACC. Analyses of tryptic peptides derived from
32p_labeled ACC from insulin-treated lipogenic tissues indicated that the
peptides labelled were clearly separate and distinct from those induced by
epinephrine. The peptide labelled by insulin treatment is referred to as the
“I-peptide”” (Brownsey and Denton, 1982). The polymerized form of ACC,
which is most active, was found to have increased phosphorylation of the
“I-peptide” (Borthwick et al., 1987). These workers (Borthwick et al., 1990)
established that the increases in phosphorylation and activity of ACC
occurred in parallel, leading to the development of the concept that hormones
such as epinephrine, acting via cAMP, inactivate ACC by phosphorylating
sites separate from those phosphorylated by insulin, which activate ACC.

It has been reported also that epidermal growth factor stimulates fatty
acid synthesis and the phosphorylation of ACC in rat liver and adipose
tissues (Holland and Hardie, 1985) through phosphorylation of the
“I-peptide,” suggesting that several peptide hormones sharing homology
with insulin, such as IGF-1, could enhance lipogenesis similarly.

2.4.3. Fatty Acid Synthase

The animal fatty acid synthase (FAS; EC 2.3.1.85) is one of the most
complex multifunctional enzymes that have been characterized, as this single
polypeptide contains all the catalytic components required for a series of 37
sequential transactions (Smith, 1994). The animal FAS consists of two
identical polypeptides of approximately 2500 amino acid residues (MW,
ca. 270 kDa), each containing seven catalytic subunits: (1) ketoacylsynthase,
(2) malonyl/acetyl transferase, (3) dehydrase, (4) enoyl reductase, (5) B-keto
reductase, (6) acyl carrier protein (ACP), and (7) thioesterase. Although
some components of the complex are able to carry out their respective
catalytic steps in the monomeric form, only in the FAS dimer do the
subunits attain conformations that facilitate coupling of the individual
reactions of fatty acid synthesis to occur (Smith ez al., 2003).

Acetyl-CoA + 7 Malonyl-CoA + 14 NADPH + 14H" — Palmitic acid
+ 7 CO; + 8 CoA + 14 NADP* + 6H,0.

The entire sequence is described in exquisite detail by Smith et al.
(2003; see Figure 2.5). The first step is the sequential transfer of the primer,
usually acetyl-CoA, to the serine residue of the acyl transferase, then to the
ACP, and finally to B-ketoacyl synthase. The chain extender substrate,
usually malonyl-CoA, is transferred via the serine residue of the acyl trans-
ferase to ACP. Condensation is accomplished by B-ketoacylsynthase, aided
by the energetically-favourable decarboxylation of the malonyl residue,
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Figure 2.5. Reaction sequence for the biosynthesis of fatty acids de novo by the animal FAS.
The condensation reaction proceeds with stereochemical inversion of the malonyl C-2, the
B-ketoacyl moiety is reduced by NADPH to D-B hydroxyacyl moiety, which then is dehydrated
to a trans-enoyl moiety; finally, the enoyl moiety is reduced to a saturated acyl moiety by NADPH,
with the simultaneous addition of a solvent proton. The two C atoms at the methyl end of the fatty
acid are derived from acetyl-CoA, the remainder from malonyl-CoA. The entire series of reactions
takes approximately 1 second. PSH, phosphopantetheine. (Reprinted from Prog. in Lipid Res.,
vol. 42, S. Smith, A. Witkowski and A.K. Joshi, Stuctural and functional organization of the
animal fatty acid synthase, pp. 289-317, copyright (2003), with permission from Elsevier).

resulting in the release of CO,. Note that the acetyl moiety originally bound
to ACP to initiate the synthetic sequence becomes the methyl-terminal of the
growing acyl chain. Sequential reactions catalyzed by B-ketoacyl reductase,
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dehydrase and enoyl reductase result in the formation of butyryl-S-ACP,
which re-enters the cycle through condensation with another malonyl-ACP.
Cycling continues, with the addition of C, units from malonyl-CoA until the
chain length of the nascent fatty acid reaches Ci; to Cj6, when a thioesterase
specific for that chain length releases the fatty acid and terminates the cycle.

2.4.4. Regulation of Acyl Chain Length

The chain length of the fatty acid product is influenced by numerous
factors. The same acyl transferase accomplishes loading of both the acetyl
and malonyl substrates. The process is random. Both substrates are
exchanged rapidly between CoA and ACP until a combination occurs that
permits chain initiation or a continuation of elongation (Smith ez al., 2003).
The catalytic rate of the acyl transferase increases as chain length progresses
from C, to Cjp; the total concentration of covalently-bound saturated
intermediates decreases with increasing chain lengths up to Cj4, implying
that the early B-ketoacylsynthase reactions are slower than the later ones
(Smith et al., 2003). Mass action coefficients for chains longer than Ci;
become progressively smaller, with little accumulation of Cig. Acyltransferase
is not entirely specific for the acetyl and malonyl moieties. B-Ketobutyryl,
B-hydroxybutyryl and crotonyl residues all are incorporated (Dodds et al.,
1981; Joshi et al., 1997). Indeed, Kumar and associates (Nandedkar et al.,
1969; Lin and Kumar, 1972) have shown that lactating mammary glands
utilize butyryl-CoA more efficiently than acetyl-CoA as a “primer” for
FAS. Further, these authors showed that butyryl-CoA is synthesized from
acetyl-CoA by, essentially, a reversal of B-oxidation in both the liver and
mammary glands of rabbits, rats and cows. Knudsen and Grunnet (1980)
showed that butyryl-CoA is superior to acetyl-CoA as a primer for FAS, but
only in ruminants. The acyl-CoA dehydrogenase associated with B-oxidation
is an FAD-linked dehydrogenase, which renders B-oxidation essentially irre-
versible on thermodynamic grounds. The enzyme that catalyzes the reverse
reaction in the Kumar scheme is linked vie NADPH + H, which renders
the reduction of crotonyl-CoA thermodynamically favourable. Thus,
this enzyme, unique to the reversal of B-oxidation, could be called “croto-
nyl-CoA reductase.” This activity was much lower in rat adipose and pigeon
liver tissues. This synthetic pathway is independent of malonyl-CoA and
thus is not subject to regulation by acetyl-CoA carboxylase. These observa-
tions explain the incorporation of B-OH butyrate as the methyl terminal Cy4
moiety of up to 50-60% of fatty acids synthesized de novo by lactating
mammary glands (Palmquist et al., 1969; Smith et al., 1974). Also, small
quantities of Cg, Cg and Cj¢ in milk fat may be synthesized via this pathway.
Propionic acid is incorporated as a primer leading to the synthesis of an odd
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number of carbon atoms in the acyl chain. The branched-chain volatile
acids, iso-valeric, iso-butyric and 2-methyl butyric, also can serve as primers,
giving rise to iso— and ante-iso acyl chains (Massart-Leen et al., 1981; Ha
and Lindsay, 1990). Methyl-malonyl-CoA also may be incorporated, substi-
tuting for malonyl-CoA, leading to multi-branched acyl products; synthesis
of these is terminated with a chain length less than 16 carbons, and the rate of
synthesis is one-tenth that for straight-chain products (Smith, 1994). Some
branched-chain products, in particular 13-methyl tetradecanoic acid, have
been shown to have regulatory effects on cell function (Yang et al., 2000;
Parodi, 2003).

Because the acyl transferase releases intermediates, some of the inter-
mediates may escape transfer to the B-ketoacylsynthase, resulting in short-
chain fatty acids being incorporated into milk fat. In non-ruminants, this is
limited mainly to butyrate, whereas the more relaxed specificity of the acyl
transferase in ruminants allows medium-chain acyl-CoA to be released in
significant amounts (Hansen and Knudsen, 1980). An increased concentra-
tion of malonyl-CoA in the medium increases the relative proportions of
longer-chained fatty acids (Knudsen, 1979; Knudsen and Grunnet, 1982).
Indeed, this can be inferred from studies in which intestinal glucose supply
(Hurtaud et al. 2000) or systemic insulin concentrations (Griinari et al. 1997)
were increased experimentally. Removal of intermediate-chain length acyl-
CoA is dependent on the presence of an acceptor, such as albumin (Knudsen
and Grunnet, 1982), a-glycerol-phosphate or diacylglycerol. The incorpor-
ation of fatty acids into TAGs is greatly enhanced by the presence of non-
limiting concentrations of a-glycerolphosphate or diacylglycerol (Grunnet
and Knudsen, 1981; Hansen et al., 1984b).

Regulation of chain termination reactions in ruminant and non-
ruminant mammary glands was discussed in detail by Smith (1994; see also
Barber et al., 1997). In non-ruminant mammary tissue, medium-chain fatty
acids are generated by a novel chain-terminating enzyme that is not part
of the FAS complex, known as thioesterase II to distinguish it from the
chain-terminating enzyme (thioesterase 1) associated with FAS (Smith,
1994). Thioesterase 1I, though a 29 kDa protein independent of FAS,
appears to function identically to thioesterase I. However, its specificity
differs, producing Cg to Cy4 fatty acids.

2.4.41. Elongation of Cy acyl chain

Bishop et al. (1969) reported that 4.6% of intravenously-infused methyl
[*H] palmitate was incorporated into longer-chained FA of milk fat when a
cow was fed a low-fat diet, whereas Palmquist ef al. (1969) reported no
significant labelling of C;g acids in milk fat after intra-mammary infusions of
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1-'#C-acetate. Chain lengthening of long-chain CoA esters occurs in the
microsomes, using malonyl-CoA as the acetyl donor (Bernert and Sprecher,
1979). This is not a significant pathway for the supply of C,g fatty acids for
milk fat synthesis.

2.5. Stearoyl-CoA Desaturase

Stearoyl-CoA desaturase (SCD; EC 1.14.19.1) is the rate-limiting enzyme for
the conversion of saturated to monounsaturated fatty acids. As such, it plays
a major role in regulating the unsaturation of membranes and TAG com-
position, and evidence indicates that SCD plays an important regulatory
role in lipid metabolism. SCD-1-deficient mice exhibit increased fatty acid
oxidation and reduced lipid synthesis; a significant proportion of the meta-
bolic effects of leptin may result from inhibition of this enzyme (Ntambi and
Miyazaki, 2004). Its role is especially important in ruminants, in which the
majority of absorbed C;g fatty acids are in the form of stearate as a result of
ruminal biohydrogenation. The activity of SCD in ruminants is high in
lactating mammary gland and adipose tissue, and and somewhat lower in
intestinal tissue. SCD activity is low in non-lactating mammary tissue, being
induced by lactation (Kinsella, 1972); though normally inactive in ruminant
liver, SCD may be induced in liver and muscle by high-fat diets (Chang et al.,
1992). SCD activity was not measurable in rat (Kinsella, 1970) or rabbit
(Bickerstaffe and Annison, 1970) mammary tissue; possibly the mRNA is
present but its translation is down-regulated by dietary unsaturated fat, as
demonstrated in mice (Singh et al., 2004). Whereas SCD is characterized by
three isoforms in mice, only one gene is expressed in ruminants and humans
(Ward et al., 1998; Ntambi and Miyazaki, 2004). In ruminants, the SCD
gene has been localized to bovine and caprine chromosome 26¢21, and ovine
chromosome 22q21 (Bernard et al., 2001).

SCD is located in the endoplasmic reticulum; its primary substrates are
stearoyl-CoA and palmitoyl-CoA, whereas considerably lower activity is
observed with myristoyl-CoA as substrate (Bickerstaffe and Annison,
1970). Desaturation of a range of frans monoenes occurs also (Mahfouz
et al., 1980), yielding trans-x, cis-9 octadecadienoic acids as products. This is
particularly important considering the large amount of frans octadecenoic
acids that is formed in the rumen by biohydrogenation (Shingfield et al.,
2003); among these, the quantitatively most important is desaturation of
vaccenic acid (trans-11 Cyg.1) to rumenic acid (cis-9, trans-11 Cyg;), com-
monly called conjugated linoleic acid (CLA). Desaturation of trans-7 Cig. to
yield trans-7, cis-9 Cis., has been reported also (Corl et al., 2002).
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Considerable variation among cows (Kinsella, 1972; Kelsey et al.,
2003) and breeds (DePeters et al., 1995) in the extent of stearic acid desa-
turation and in mRNA expression (Taniguchi et al., 2004) has been
observed. SCD mRNA expression is down-regulated by trans-10, cis-12
Cis.2 (Choi et al., 2000), which is formed in the rumen in small amounts
when milk fat-depressing diets are fed (Bauman and Griinari, 2003).

2.6. Triacylglycerol Synthesis

Enzymes for triacylglycerol synthesis are associated with the endoplasmic
reticulum and the inner and outer mitochondrial membranes (Coleman et al.,
2000). Glycerol-3-phosphate required for esterification of fatty acids is gen-
erated by glycolysis or by phosphorylation of free glycerol by glycerol
kinase, which is active both in ruminant and non-ruminant tissues (McBride
and Korn, 1964; Kinsella, 1968; Bickerstaffe and Annison, 1971). Although
some free glycerol may be taken up from blood during lipolysis of lipopro-
tein TAGs, most glycerol-3-phosphate is probably derived from glycolysis
(Bickerstaffe and Annison, 1971).

Enzymes and regulation of TAG synthesis have been reviewed in depth
by Coleman et al. (2000, 2004).

For metabolism to occur, fatty acids must be activated to their acyl
CoA esters:

CoASH, Mg>*
_—

Fatty acid AcylCoA + AMP + PPi

acylCoA synthetase

Because the pyrophosphate, PPi, is hydrolyzed rapidly to two inor-
ganic phosphates, Pi, the reaction is strongly in the direction of acyl CoA
formation and the energy requirement for activation is the equivalent of two
high energy bonds. Acyl CoA synthetase is expressed in several isoforms and
is distributed on the cytosolic surfaces of the endoplasmic reticulum, perox-
isomal and outer mitochondrial membranes. Activity of this enzyme
responds to changes in physiological state, suggesting that it may play a role
in regulating the entry of fatty acids into synthetic or oxidative pathways
(Coleman et al., 2002).

Acylation of glycerol-3-phosphate is the first committed step in TAG
synthesis and the activity of acyl CoA:glycerol-sn-3-phosphate acyl transfer-
ase (GPAT) is the lowest of the transacylation enzymes in this pathway, also
suggesting a regulatory role in TAG synthesis (Coleman et al., 2004).
Although microsomal GPAT constitutes the majority of total GPAT activity
in most tissues and can be activated and inhibited by phosphorylation and
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dephosphorylation, its role in TAG synthesis is uncertain. It has been
purified only partially (Coleman et al., 2004). Mitochondrial GPAT, located
on the mitochondrial outer membrane, is characterized more thoroughly. Its
activity is influenced by nutritional and hormonal changes; transcription is
enhanced during adipocyte differentiation, and it responds inversely to fasting
and feeding and to phosphorylation and dephosphorylation (Coleman ef al.,
2004). Cooper and Grigor (1980) reported that acylation at sn-1 in rat mam-
mary TAGs favours oleic acid, whereas palmitic acid predominates at sn-2.
This pattern is true in most species, although in the cow, palmitic acid is found
nearly equally at the sn-1 and sn-2 positions (Christie, 1985; Parodi, 1982;
Jensen and Newburg, 1995). The product, l-acyl-lysophosphatidate, is
acylated by acyl CoA:l-acylglycerol-sn-3-phosphate acyltransferase. The
microsomal fraction from lactating cow mammary gland transfers acyl chains
Cs to Cyg but not C4 or Cg to the sn-2 position of 1-acyl-lysophosphatidate.
The chain length specificity is Cjs > C14 > Cip > Cjp > Cg, similar to the
pattern found at the sn-2 position of bovine milk fat (Marshall and
Knudsen, 1977).

Phosphatidic acid (1,2 diacylglycerol-sn-3-phosphate) occupies a cen-
tral point in lipid biosynthesis. It can be converted to CDP-diacylglycerol,
a precursor for the biosynthesis of acidic phospholipids, or desphosphory-
lated to produce diacylglycerol, the precursor of TAGs, phosphatidylserine,
phosphatidylcholine and phosphatidyl ethanolamine (Coleman et al., 2004).
In TAG synthesis, desphosphorylation of phosphatidic acid is mediated
by phosphatidic acid phosphatase-1, a Mg?*-requiring enzyme that is
transferred from the cytosol to the endoplasmic reticulum in the presence
of fatty acids or acyl-CoA. Activity in liver is stimulated by glucagon,
glucocorticoids, cCAMP and growth hormone, and inhibited by insulin (Cole-
man et al., 2004).

Diacylglycerol acyltransferase (sn-1,2-diacylglycerol transacylase)
esterifies both long-chain and short-chain fatty acids at the sn-3 position.
Regulation of total activity has been reported in liver and adipose tissues,
but little information is available for mammary glands. Because it is
up-regulated with increasing abundance of fatty acids, most likely it is in a
highly active state in lactating mammary tissue. Mice that lack both copies
of the gene for diacylglycerol acyltransferase 1 (DGAT 1) are unable to
secrete milk (Smith et al., 2000). This gene was mapped to a region close to
the quantitative trait locus on bovine chromosome 14 for variation in milk
fat content (Grisart et al., 2001). Sequencing revealed frequency shifts at
several positions on the gene between groups of animals with high or low
breeding values for milk fat content. The most likely candidate for lower
milk fat content was substitution of alanine for lysine in the enzyme (Winter
et al., 2002). The wild type allele (DGAT1¥) exceeds the DGATIA allele by
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+0.34 percentage units in fat and +0.08 percentage units in protein, whereas
milk and protein yields are reduced (Grisart et al., 2001). A genotyping study
of 38 Bos indicus and Bos taurus breeds from five continents showed that
most domesticated dairy breeds have predominantly the DGATI1* allele,
whereas DGAT1X was the major allele (69%) in the Jersey breed (Kaupe
et al., 2004).

In nearly all species studied, oleic acid is the fatty acid preferably
esterified at the sn-3 of TAGs; Cig3,_3 predominates in the koala and
horse. In ruminant species, butyric or caproic acid is esterified exclusively
at sn-3 and slightly exceeds the molar percentage of oleic acid esterified at
that position (Parodi, 1982). Lin et al. (1976) examined the acyl specificity
for TAG synthesis in lactating rat mammary glands, particularly with re-
spect to the unique positioning of short-chain and medium-chain length
fatty acids at sn-3. Whereas the acyl transferases for sn-1 and -2 showed
high specificity for long-chain fatty acids (Ci¢ and C;g), no such specificity
was observed for acylation of diacylglycerol. They concluded that a lack of
acyl chain specificity for this position caused accumulation of shorter acyl
chains at sn-3.

Knudsen and colleagues (Hansen and Knudsen, 1980; Marshall and
Knudsen, 1980; Grunnet and Knudsen, 1981; Hansen et al., 1984a,b) exam-
ined in detail TAG synthesis and the specific incorporation of the short-
chain and medium-chain fatty acids into TAGs in goat mammary glands.
The synthesis of medium-chain fatty acids is dependent on simultaneous
removal of the acyl-CoA produced by FAS, whereas long-chain fatty acids
are released as free acids by thioesterase 1. As described above, long-chain
fatty acids are esterified preferentially at positions su-1 and -2; the ready
supply of diacylglycerols allows short-chain and medium-chain fatty acids to
be esterified rapidly at sn-3, facilitating their removal from FAS. These
studies have shown the importance of the rate of activation of fatty acids in
the mammary gland relative to the rate of de novo synthesis and the supply of
a-glycerol phosphate for milk fat synthesis. If the supply of exogenous fatty
acids were low, the relative concentration of short-chain and medium-chain
fatty acids could be increased, even though total synthesis (yield) was not
increased. Conversely, with an increasing supply of exogenous long-chain
fatty acids, de novo synthesis may be reduced because they compete for the
diacylglycerol transferase. Limiting the supply of a-glycerol phosphate
similarly would limit diacylglycerol supply, also causing de novo synthesis to
be reduced. These observations demonstrate also that regulation of the rela-
tive proportions of short-chain, medium-chain and long-chain fatty acids is
much more complex than simply by regulation of ACC. Finally, these
authors concluded that a simple explanation for the unique occurrence of
short-chain and medium-chain fatty acids in milk fat could be that
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a-glycerol phosphate is rate-limiting for TAG synthesis in all ruminant tissues
except mammary glands (Hansen et al., 1984b).

Interestingly, for maximum TAG synthesis, a preference was shown
for palmitoyl-CoA as substrate for the initial acylation of glycerol-
3-phosphate (Kinsella and Gross, 1973), apparently accelerating the rate of
supply of substrate as acceptor for de novo-synthesized fatty acids, whereas
oleic acid reduced total de novo synthesis, apparently by competing with butyryl
CoA for the esterification of diacylglycerol (Hansen and Knudsen, 1987).

2.6.1 Fatty Acid Esterification by the Monoacylglycerol Pathway

Evidence for the esterification of fatty acids via the 2-monoacylgly-
cerol pathway was shown for mammary glands of guinea pigs by
McBride and Korn (1964) and of goats by Bickerstaffe and Annison
(1971). However, even though this is an important pathway for the
esterification of fatty acids in the intestine, later studies have established
that this pathway is not functional in mammary tissue (Christie, 1985;
Hansen et al., 1986).

2.7. Synthesis of Complex Lipids

The complex lipids in milk fat are comprised of the phosphoglycerides,
phosphatidyl choline, phosphatidyl serine, phosphatidyl ethanolamine,
phosphatidylinositol and plasmalogens. Also, the non-glyceride phospho-
lipid, sphingomyelin, occurs in important amounts (Jensen, 2002). Bitman
and Wood (1990) described the distribution of phospholipid classes in
bovine milk and their fatty acid composition. The phospholipids comprise
about 1% and cholesterol 0.4-0.5% of the total milk fat. These occur almost
completely in the milk fat globule membrane.

The fatty acid composition of phosphoglycerides and sphingolipids,
and their incorporation into membranes with cholesterol, are coordinately
regulated processes in order to maintain membrane integrity and function.
Coordination is mediated by sterol regulatory genes and sterol receptor
element-binding proteins (SREBPs; Ridgway et al., 1999). Glycosphingoli-
pids are highly enriched in the outer leaflet of the apical plasma membrane
domain of polarized epithelial cells. They are a key component of membrane
lipid rafts and thus are involved in exocytosis of milk components. Their
metabolites act as second messengers in regulating the expression of cell
receptors (Hoekstra er al., 2003). Sphingolipids are enriched in the milk fat
globule membrane, and as a food component have been implicated in cell
regulation and anti-cancer activity (Vesper et al., 1999).
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2.7.1. Synthesis of Phospholipids

Synthesis of phosphatidylcholine and phosphatidylethanolamine begins
with activation of choline (or ethanolamine) with ATP via choline kinase to
yield phosphocholine (phosphoethanolamine) + ADP; the activated base is
transferred via CTP and phosphocholine cytidyl transferase to form CDP-
choline (CDP-ethanolamine) and PPi. The base is then transferred to the sn-3
of diacylglycerol via phosphocholine diacylglycerol transferase to yield phos-
phatidylcholine (phosphatidylethanolamine) + CMP. The cytidyl transferase
is believed to be the rate-limiting or regulatory step in the pathway. Phospha-
tidylserine is formed by a direct transfer and substitution of serine for
ethanolamine in phosphatidylethanolamine. Phosphatidyl serine can be dec-
arboxylated to form phosphatidylethanolamine.

Phosphatidylcholine is preferentially synthesized in lactating mam-
mary tissue (Kinsella, 1973), possibly regulated by the differential activities
of choline kinase and ethanolamine kinase. Choline kinase has a lower Ky
and a higher V,x with its substrate than does ethanolamine kinase. Also,
choline kinase is inhibited slightly by ethanolamine, whereas choline is a
potent competitive inhibitor of ethanolamine kinase. Thus, the intracellular
concentration of choline probably regulates the synthesis of these two phos-
phoglycerides (Infante and Kinsella, 1976).

The sn-1 and sn-2 acyl groups of phosphoglycerides differ among
phospholipid classes (Bitman and Wood, 1990) and from the patterns of
TAGs. However, the CDP choline:diacylglyceride transferase has little spe-
cificity for the molecular species of fatty acids in the diacylglycerol moiety.
Therefore, molecular remodelling via specific phospholipases, followed by
reacylation via specific acyl CoA transferases, may account for the unique
fatty acid profiles of the various phosphoglycerols. Kinsella and Infante
(1974) showed that the acyl CoA:l-acyl-sn-glycerol-3-phosphoryl choline
acyl transferase preferentially esterified oleic acid at the sn-2 position, and
that the predominant molecular species of phosphatidylcholine in mammary
cells is diunsaturated.

Synthesis of phosphatidylinositol follows a slightly different pathway
from the other phosphoglycerides. Phosphatidate is activated by CTP-phos-
phatidate cytidyl transferase to form CDP-diacylglycerol. Free inositol is
then incorporated by CDP-diacylglycerol inositol transferase, with the
release of CMP. Phosphatidylinositol usually constitutes less than 5% of
total milk phospholipids (Bitman and Wood, 1990).

The glycerol ethers and plasmalogens are a unique class of phospho-
glycerides that contain an ether-linked chain at the sn-1 position. These are
formed by the incorporation of acyl CoA at the sn-1 position of dihydroxy-
acetone phosphate. The acyl group is then exchanged for a long-chain
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alcohol to yield 1-alkyl dihydroxyacetone phosphate, which is reduced to
1-alkylglycerophosphate. This product is acylated to 1-alkyl, 2-acylglycero-
phosphate which then may be incorporated into various phosphoglycerols
or acylated to form a neutral alkylglyceride. The alkyl residue of the phos-
phatidylethanolamine typically is desaturated at the 1,2 position, involving
O, and NADPH to yield 1-alkenyl, 2-acyl-glycerol- 3-phosphatidylethano-
lamine (plasmalogen), found at a high concentration in the mitochondrial
membrane. The alkylglycerols occur at very low concentrations in milk fat
(~0.01% of the fat) but are 5- to 20-fold higher in the fat of colostrum
(Ahrné et al., 1980).

2.7.2. Sphingolipids

The sphingolipids are very complex molecules, occurring in numerous
molecular forms (Jensen, 2002). The basic structure, sphingomyelin, consists
of a complex unsaturated amino alcohol (sphingosine) ether-linked to phos-
phocholine and to an acyl chain by an amide bond. It contains no glycerol
(Vesper et al., 1999). In sphingomyelin synthesis, sphingosine is acylated by
acyl-CoA to form a ceramide; phosphocholine is then transferred to a
ceramide from phosphatidylcholine or from CDP-choline to yield sphingo-
myelin. Sphingomyelin constitutes about 25% of the total phospholipids in
dairy products, which are the most abundant source of sphingolipids in the
human diet. The sphingolipids are highly bioactive, and as such, are con-
sidered to be functional in foods (Vesper et al., 1999; see Chapter 13). The
neutral sphingolipids contain no phosphocholine, and therefore are not
phospholipids. These are formed by addition of various sugar residues to
ceramide. These can be quite complex (Jensen, 2002). Sphingolipids often
contain very long-chain (Cyy) fatty acids, especially those found in the brain.

2.7.3 Cholesterol

Cholesterol makes up 95% of the total milk sterols and, because it is
associated with the milk fat globule membrane, its content is highly correl-
ated with the total fat content (Jensen, 2002). Only about 10% of the
cholesterol in milk is esterified.

Cholesterol is taken up rapidly from plasma lipoproteins, and is syn-
thesized also by the mammary glands (Clarenburg and Chaikoff, 1966).
Quantitative contributions of each, and whether all lipoproteins or only
chylomicra and VLDL contribute cholesterol, are less certain (Clarenburg
and Chaikoff, 1966; Raphael et al., 1975a,b). From steady-state estimates of
labelled cholesterol in lipoproteins, plasma contributed 83% of milk choles-
terol in lactating rats (Clarenburg and Chaikoff, 1966) and 45-50% in a
lactating goat (Raphael et al., 1975b). The mechanism of cholesterol uptake
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also is not defined; however, an active cholesterol esterase is present in
mammary tissue (Ross and Rowe, 1984; Shand and West, 1991; Small
et al., 1991), suggesting that both free and esterified lipoprotein cholesterol
may be taken up and utilized.

2.8. Physiological Factors That Influence Milk Fat
Composition

2.8.1. Genetics

In addition to the well-characterized differences among and within
breeds of dairy cattle in milk fat content, differences occur also in fatty
acid composition. Karijord et al. (1982) reported a positive genetic correl-
ation between the proportions of short-chain and medium-chain (C¢—Ci¢)
fatty acids and the amount of milk fat, whereas the correlation was negative
for proportions of all Cjg acids. They noted an especially high negative
relationship between milk fat content and the proportion of Cjg.1; however,
they did not separate the isomers of Cjs.; and thus it is possible that the effect
was caused by the presence of trans Cig.) isomers when Cig,; was in higher
amounts (Bauman and Griinari, 2001). The positive correlation observed
between short-chain fatty acids and milk fat level is consistent with data of
Stull and Brown (1964) and Beaulieu and Palmquist (1995). Numerous
studies indicate that SCD activity, and thus 18:1/18:0 ratio, varies among
breeds (Beaulieu and Palmquist, 1995; DePeters et al., 1995) and within a
breed (Kelsey et al., 2003).

2.8.2. Stage of Lactation

At parturition, the proportions of Cj, to C¢ fatty acids are relatively
high in bovine colostrum. Proportions of short-chain fatty acids and stearic
and oleic acids increase rapidly as the mobilization of adipose tissue com-
mences, becoming relatively stable by one week after parturition (Laakso
et al., 1996).

Proportions and yields of fatty acids synthesized de novo in the mam-
mary gland (C¢ to Cjs) increase during the early weeks of lactation, with
compensating decreases in the proportions of all C;g fatty acids (Figure 2.6;
Karijord et al., 1982; Lynch et al., 1992). The proportion of butyric acid is
high at parturition and does not increase with advancing lactation (Lynch
et al., 1992), consistent with its synthesis being independent of malonyl-CoA.
As adipose tissue mobilization declines, due to increasingly positive energy
balance and depletion of stored tissue, the proportions of short-chain
and medium-chain fatty acids in milk fat increase. The time required for



70

D.L. Palmquist

1.60

-
®

[oe]

1.40

1.20

1.00

16

1014
12

.80

.60

Proportion of week 16

.40

.20

4

8

Week of lactation

12

Figure 2.6. Proportions of individual fatty acids in milk fat at 1, 4, 8 and 12 weeks of lactation
relative to their proportions at 16 weeks (from Palmquist et al., 1993. J. Dairy Sci. 76,
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stabilization of milk fatty acid composition depends on the amount of stored
fat, milk fat yield, energy balance and the quantity of fat in the diet. The
effect on the proportion of Cj4 in milk fat of supplementing dietary fat to
lactating cows at parturition or delayed to the sixth week of lactation is
shown in Figure 2.7. Without fat supplementation, the proportion of Cj4
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Figure 2.7. Changes in the proportion of Cj4, in milk fat of cows fed a control diet (— +—)
or added fat beginning at parturition (-/A-) or 6th week of lactation (~O-). (From Palmquist

et al., 1993, J. Dairy Sci. 76, 1753-1771).
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increased until 8 weeks of lactation; with fat supplementation, the maximum
proportion of Cy4,9 was lower.

2.9. Effects of Dietary Fat on the Composition of Milk Fat

2.9.1. Effects of Low-fat Diets

Very low-fat diets reduce milk and fat yields (Maynard and McCay,
1929; Banks et al., 1976) and greatly reduce the proportions and yields of the
C,g fatty acids, with the proportions of Cj¢.9 approaching 50% of the total
fat yield (Virtanen, 1966; Banks et al., 1976).

Increasing the C;g content of low-fat diets resulted in a linear increase
of Cyg fatty acids in the milk fat:

y =75+ 0.54x

where y = total Cg fatty acids in milk fat (g/d) and x = total Cyg fatty
acid intake (g/d). Thus, dietary C;g fatty acids were transferred to milk fat
with 54% efficiency (Banks et al., 1976). This is consistent with other esti-
mates of a maximum transfer of 60%, assuming 80% digestibility of dietary
fat (Palmquist, 1991) and 75% uptake of absorbed lipoprotein TAGs by the
mammary glands (Palmquist and Mattos, 1978). Banks et al. (1976) also
estimated the transfer of C;¢ from diet to milk fat to be 93%; this exception-
ally high value could be attributed only to nearly complete uptake of
absorbed TAGs by the mammary tissue; however, estimates of Ci¢ transfer
are heavily confounded by effects of changing dietary fat intake on de novo
synthesis of Cyg.

2.9.2. Effects of Specific Fatty Acids

Incorporation of dietary unsaturated fat into milk fat by ruminants
is low because of the efficient ruminal biohydrogenation process (Jenkins,
1993). Nevertheless, dietary fatty acids have profound effects on milk
fat composition that have led to a prodigious amount of literature in the
past 20 years (for reviews see Sutton, 1989; Grummer, 1991; Palmquist
et al., 1993; Kennelly, 1996; Mansbridge and Blake, 1997; Chilliard ez al.,
2000, 2001).

Acyl chain length (Cj¢ vs Cyg) influences the proportions of these in
milk fat; the effects of Cj¢ are more subtle because of compensation by
reduced de novo synthesis of Ci¢o when long-chain fatty acids are supple-
mented in the diet. Palmitic acid was increased from 45% of milk fatty acids
to 53% when a high (68%) Ci¢o supplement was added to a low-fat diet.
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Similarly, supplementing soy oil (90% Cjg) increased the total C;g of milk fat
from 25% to 60% of milk fatty acids. Yields of C¢ to Cy4 were reduced by both
supplements, whereas the yield of C;¢.0 was increased by palm oil and reduced
by soya oil (Banks et al., 1976); these effects are typical (Noble et al., 1969).
Similarly, supplementing increasing amounts of coconut oil (high in Cy,,9 and
Ci4.0) increased the proportions of these in milk fat and reduced the propor-
tions and yields of short-chain fatty acids and Cj.9 (Storry et al., 1971).

Oleic acid was increased to 48% of total milk fatty acids by feeding
oleamide as a rumen-protected source of oleic acid (Jenkins, 1998). The
response was nearly linear up to 5% of supplement in the diet dry matter.
Proportions of all de novo-synthesized milk fatty acids, except butyric, were
reduced (Jenkins, 1999). LaCount er al. (1994) abomasally infused fatty
acids from canola or high oleic acid sunflower oil into lactating cows. The
transfer of oleic acid to milk fat was linear (slope = 0.541; 0-350 g infused/
day); the proportion of oleic acid in milk fat increased and proportions of all
de novo-synthesized fatty acids, except C4 and Cg decreased. The proportion
of Cyg, also was unchanged. Linoleic acid from canola also was transferred
linearly (slope = 0.527; 0-90 g infused/day). These transfers from the intes-
tine are nearly identical to that reported by Banks et al. (1976). Hagemeister
et al. (1991) reported 42 to 57% transfer of abomasally-infused linolenic acid
to milk fat.

Mammary uptake of individual fatty acids from plasma was explored
by Enjalbert et al. (1998). Uptakes of palmitic, stearic and oleic acids were
similar and nearly linear in the range of 400 to 750 pwmolar in the plasma. As
uptake increased, mammary balance (milk content minus uptake) of butyric
acid increased linearly and the mean fatty acid chain length of synthesized
fatty acids decreased linearly. Desaturation of stearic acid increased lin-
early (y =0.52x, > = 0.75, P <0.001) as stearic acid uptake increased,
and decreased linearly as mammary uptake of trans Cig; increased
(y =61.2 —4.03x, > = 0.31, P = <0.02). Decreasing mean chain length
of synthesized fatty acids and increasing desaturation with increasing long-
chain fatty acid uptake were interpreted as compensating responses to
maintain the fluidity of milk fat at body temperature. Maintenance of milk
fat fluidity has been suggested as a basic physiological requirement in the
regulation of milk fat synthesis (Timmen and Patton, 1988). An interesting
exception to this is the report of Emanuelson et al. (1991) who fed heat-
treated rapeseed to cows in late lactation. The stearic acid content of the
milk fat was 28.8% of the total weight of fatty acids and the milk fat
coalesced into floating butter globules immediately upon milking. The levels
of palmitic (21.6%) and oleic (28.8%) acids were within normal ranges, but
the proportions of short-chain and medium-chain fatty acids were rather
low. The authors were unable to repeat the phenomenon.
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2.9.3. Feeding for Specific Milk Fatty Acid Profiles

A very large body of literature focused on feeding effects on the
composition of milk fat has been published in recent years, driven by the
increasing public interest in, and concern for, the role of fat in the human
diet. Most of the feeding studies have involved manipulation of the type and
amount of fat in the ration of lactating cows as the experimental approach.
In many studies, the role of ruminal biohydrogenation or its manipulation
has been a major focus. Therefore, the effects, but not the regulation, of
ruminal biohydrogenation will be addressed. Issues addressed in these stud-
ies have included: (1) increased unsaturation/polyunsaturation; (2) reduced
saturation; (3) increased n-3/fish oil fatty acids; and (4) increased CLA
content of milk fat.

The earliest efforts to modify the composition of milk fat used an
insoluble formaldehyde-crosslinked protein to encapsulate unsaturated
vegetable oils. In numerous studies using this approach, linoleic acid was
increased to as high as 35%, w/w, of the total milk fatty acids (reviewed by
McDonald and Scott, 1977). Bitman et al. (1973) fed increasing amounts of
safflower oil encapsulated in formaldehyde-treated casein. The content of
milk fat increased linearly from 3.5 to 4.6% as supplemental protected oil
was increased from 0 to 1320 g/day per cow. The concentration of linoleic
acid increased to 33% of total milk fatty acids, with a compensating decrease
in Cigo and a smaller decrease in Ci49. The concentration of milk fat
decreased to lower than pretreatment levels when the supplement was
removed, a common observation (Pan et al., 1972). A typical milk fatty
acid profile from cows fed a protected sunflower/soybean (70/30) supplement
is shown in Table 2.1.

Though feeding protected polyunsaturated fats has been instrumental
in developing an understanding of the regulation of milk fat synthesis, it has
not found practical application. In addition to increasing the cost of feeding,
it has been difficult to assure product quality (consistency of protection);
government and the public have been reluctant to approve formaldehyde as
a component of feed ingredients because some amino acids may be trans-
formed to potential carcinogens; and, importantly, highly polyunsaturated
milk fat has very poor oxidative stability and its physical properties are not
well suited for processed products (McDonald and Scott, 1977). Treatment
of feedstuffs with formaldehyde is now more widely accepted, and attention
has turned to using this method to protect high oleate oilseeds. Ashes et al.
(1992) fed 0.52 kg/d of protected canola seeds to lactating cows. Milk fat
percentage and yield were increased without changing milk yield. The pro-
portions of Cj4 and Cjgo were reduced by 20 and 25%, respectively,
whereas proportions of Cig, Cis.1, Cis2 and Cig.3 were increased by 30,
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Table 2.1. Fatty acid composition (weight % of total fatty acids) of milk fat from
cows fed a standard diet or supplemented with protected oilseeds

Fatty acid Control® Sunflower/soybean® Canola®
Cy 3.2 2.8 3.2
Ce 2.2 1.4 24
Cs 1.1 0.8 1.9
Cioo 3.6 1.7 3.2
Ci2o 3.9 1.7 3.6
Cia0 11.4 5.9 9.5
Ciso 2.1 0.9 -
Cieo 25.9 15.2 19.9
Cis 2.7 0.5 3.3
Ciso 10.9 14.0 9.2
Cig.1 28.6 37.6 29.2
Cisa 3.0 16.6 4.9
Ciss 1.0 0.9 2.6

# Calculated from Barbano and Sherbon (1980). Formaldehyde-protected sunflower/soybean (70/30); 1250 g
oil/day.
® Ashes et al. (1992). Formaldehyde-protected canola; 520 g oil/day.

22, 122 and 62%, respectively. Relatively small changes were observed for
short-chain and medium-chain fatty acids.

Several other procedures have been developed to protect unsaturated
fatty acids from ruminal biohydrogenation. Of these, only the amide deriva-
tive has extensive research documentation (Jenkins, 1998, 1999), but has not
been applied commercially. Often, calcium soaps of palm oil or canola fatty
acids are referred to as “protected.” These are not protected from ruminal
biohydrogenation (Table 2.2), but rather are ruminally inert with regard to
their effects on the rumen microbial population.

2.9.4. Supplementation with Oilseeds and Commercial Fats

Numerous types of fat are available commercially as supplemental
energy sources. Many are products of the rendering industry and include
tallow, lard (pork) and poultry fats. Recycled cooking oils from the restaur-
ant industry are used also, usually as a blend with animal fats or oils from
the food oil refining industry. Generally, unsaturated oils are undesirable as
energy supplements for lactating cows (Palmquist and Jenkins, 1980; Jen-
kins, 1993). Tallow has long been a staple energy source for dairy diets;
however, recent research (Onetti et al., 2002) suggests that supplemental
tallow may reduce milk fat percent modestly, which was attributed to
increased concentrations of frans-10 Cig.; in the milk fat (see Section 2.9.5
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Table 2.2. Fatty acid composition of milk fat from cows fed various fat
supplements

Calcium salts Whole
roasted Fish
None Palm oil Palm oil Canola Soy Linseed soybeans Tallow oil

% of feed DM — 3.0 1.0 5.0 49 4.3 4.6 5.4 2.0
Reference a a c c c d d
Fatty acid weight % of reported fatty acids
Cao 3.25 3.15 343 452  4.65 4.92 3.65 2.65 3.88
Ceo0 2.28 1.92 2.23 233 239 2389 2.34 1.59  2.66
Cso 1.57 1.24 1.27 .16  1.14 1.52 1.31 0.83  1.30
Cioo 3.36 2.31 2.88 259 234 3.09 2.77 1.75 2.83
Ci2o 4.11 2.92 3.19 2.53 2.21 2.71 3.03 223 3.6
Ciao 13.13  10.35 10.09 939 810 9.20 9.75 10.70  11.40
Cia:1c-9 0.95 0.74 - 1.10 0.74 0.71 1.05 .73 0.77
Ciso 1.10 0.82 - 1.06 0.84 0.96 - - 0.98
Cis0 32.58 3475 30.25 19.26 19.25 19.09 25.44 31.68 27.56
Ci6:10-9 1.83 2.18 1.59 1.20 090 0.84 1.33 3.08 1.40
Ciso 10.74  10.50 10.74 15.04 14.76 14.99 12.79 940 8.11
Cis:1c-9 20.23  24.60 23.80 2695 2599 2292 21.88 23.73 15.08
Cis1i-11 - - - 842 12,59 10.18 3.95 496 234
Cisa 2.70 2.76 4.09 232 245 330 5.27 236 2.20
Cisa 128 113 0.47 020 019 031 1.00 043 085
Cige-9, i-11 - - 0.49 - - - 1.03 0.81 0.88
Ciga-10, o122 — - 0.03 - - - - - 0.04
C20:5 n-3 - - - - - - - - 0.24
C22;5 n-3 - — — — — - — — 0.28
C22:6 n-3 - — — - - - — - 0.26

% Schauff and Clark (1992)

® Giesy et al. (2002)
¢ Chouinard et al. (1998)
9 Morales ef al. (2000)

¢ AbuGhazaleh et al. (2002)

milk fat depression). Increasing the proportion of corn silage in dietary
forage (reducing alfalfa silage) also increased the content of trans-10 Cyg,
and lowered milk fat percent (Onetti et al., 2002) (Table 2.3).

Calcium soaps of palm oil fatty acids are used widely as an energy
supplement. With a content of 45 to 50% C¢., these calcium soaps increase
palmitic acid in milk fat compared with oilseeds (Table 2.2). Whole oilseeds
(cottonseed, canola, soybeans) also are used widely as energy supplements in
dairy diets. All except cottonseed oil (25% Ci¢,) contain predominantly Cig
fatty acids. When fed whole or crushed, the oil tends to be released slowly,
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Table 2.3. Least square means for fatty acid composition of milk fat when
decreasing proportions of corn silage were fed without (0%) or with (2%) tallow®

0% Tallow 2% Tallow Significance (P)°
Corn silage® 50% 37.5%  25% 50% 37.5%  25% F L
Fatty Acid (g/100 g of fatty acids)
Cy to Crap 25.3 24.6 24.7 21.4 21.1 214 0.001 NS
Ciso 28.9 29.1 29.1 28.1 27.9 27.8 0.01 NS
Cis0 8.1 8.7 8.7 8.2 9.1 9.2 NS 0.01
Cig.1 232 23.3 23.0 26.3 26.1 25.5 0.001 NS
C\g.1 isomers
trans-6/8 0.37 0.39 0.37 0.56 0.54 0.50  0.001 NS
trans-9 0.51 0.56 0.49 0.72 0.65 0.71 0.001 NS
trans-10 1.3 1.0 0.9 2.2 1.8 1.4 0.001 0.001
trans-11 1.1 1.1 1.0 0.94 1.1 1.0 NS NS
trans-12 0.41 0.41 0.42 0.42 0.50 0.52  0.01 0.04
trans-16 0.06 0.05 0.05 0.03 0.04 0.05 NS NS
cis-9 17.8 18.2 17.8 20.0 19.8 194 0.001 NS
cis-11 0.87 0.92 0.93 0.94 0.94 095 0.04 NS
cis-12 0.41 0.44 0.52 0.22 0.33 044  0.001 0.001
Cig209t11 0.60 0.57 0.58 0.61 0.63 0.62  0.06 NS
Ci82110¢12 0.01 0.01 0.02 0.01 0.02 0.02 NS NS
Cisa 4.5 4.5 4.5 4.2 4.2 4.5 NS NS
Cis3 0.33 0.40 0.50 0.28 0.39 045 0.01 0.001
Other 8.8 8.2 8.4 10.3 10.1 9.5 0.01 NS

# Onetti et al. (2002).

® F = Main effect of fat; L = linear effect of forage.

¢ Diets: 50% forage and 50% concentrate (DM). Forages were: (1) 50% of diet DM as corn silage, (2) 37.5%
corn silage and 12.5% alfalfa silage, and (3) 25% corn silage and 25% alfalfa silage.

with nearly complete biohydrogenation of the unsaturated fatty acids. All
increase the proportion of Cig.; in milk fat and reduce the proportions of Cg
to Cy fatty acids, but especially Cj4.9 and Cigp. Cys0 in milk fat is often
quite high when canola (Chouinard et al., 1997; Ward et al., 2002) or whole
roasted soybeans (Morales et al., 2000; Timmons et al., 2001) are fed,
apparently due to nearly complete ruminal biohydrogenation. Uniquely,
feeding whole soybeans also increases the proportions of Cig, and Cjs.3 in
milk fat; apparently, some portion of the soybeans pass from the rumen
undegraded, causing significant increases in the levels of those fatty acids in
milk fat (Morales et al., 2000), and thereby increasing the susceptibility of
the milk fat to oxidative rancidity (Timmons et al., 2001).

Increasing public concern related to the composition of dietary fats has
increased interest in the n-3 fatty acid content of milk fat. The content of
linolenic acid in milk fat from cows grazing pasture may be more than
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double that from cows fed in stalls or feedlots (Dhiman et al., 1999; Chilliard
et al., 2001) owing to the high content and rumen escape of Cjg.3 n-3 from
forages. Others have investigated the transfer of the long-chain (Cyy and Cy,)
n-3 fatty acids of fish oil to milk fat. Adding 2% menhaden fish oil to the diet
of lactating cows increased the content of Cyy;s n-3 and Cp.¢ n-3 (EPA and
DHA, respectively) from 0.05 and 0.04% in the control to 0.24 and 0.26% in
milk fat of supplemented cows (AbuGhazaleh ez al., 2002). Feeding fish oil
fatty acids in combination with vegetable oils synergistically increases the
CLA content of milk fat (see Chapter 3).

Changes in the proportions of fatty acids in milk fat by supplementa-
tion of various oils and oilseeds are summarized in Figure 2.8 (Grummer,
1991). Hermansen (1995) developed a set of regression equations to predict
the composition of milk fat based on the proportions of lauric, myristic and
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Figure 2.8. Changes in proportions of milk fatty acids relative to control treatments with
increasing supplementation of fats or oilseeds A. C4 to Ci4.0; B. Cieo; C. Cis0 + Cig.1. (From
Grummer, 1991, J. Dairy Sci. 74, 3244-3257).



78 D.L. Palmquist

palmitic acids in the dietary fat and on total dietary fat intake. The model
effectively predicted milk fatty acid profile with respect to lauric, myristic,
palmitic and oleic acids and total C,g fatty acids across experiments. Predic-
tions were less precise for short-chain acids, stearic acid and polyunsaturated
fatty acids.

2.9.5. Low Milk Fat Syndrome

Low milk fat syndrome (milk fat depression) has been investigated
intensively for more than 40 years. Early investigators pursued the link
between changes in the ruminal acetate:propionate ratio and the % fat in
milk (van Soest, 1963). A glucogenic response, whereby increased produc-
tion of ruminal propionate would increase blood glucose and insulin con-
centrations, with decreased fatty acid release from adipose tissue, was
proposed by McClymont and Vallance (1962), and developed further by
van Soest (1963). Whereas intravenous infusion of glucose or glycerol (Val-
lance and McClymont, 1959), or duodenal infusion of glucose (Hurtaud
et al., 2000) have been shown to reduce milk fat percentage; these increase
the relative proportion of de novo-synthesised fatty acids in milk fat (Hur-
taud et al., 2000), contrary to the consistent decrease in these in classical low
milk fat syndrome (Bauman and Griinari, 2001). Thus, it became apparent
that other aspects of lipid metabolism were involved (Davis and Brown,
1970). Recent research has suggested that the low milk fat syndrome is
mediated by trans-10 Cig.; (Griinari et al., 1998) or by trans-10, cis-12
Cis.2 (Baumgard et al., 2000), or both (Bauman and Griinari, 2001, 2003),
that are products of changes in ruminal biohydrogenation in the presence of
unsaturated fatty acids and a low ruminal pH (Griinari et al., 1998). This
research has not excluded the possibility that the actual effector(s) may be as
yet unidentified fatty acid isomer(s) that are highly correlated with trans-10
Cis.1 or trans-10, cis-12 Cig,, or both (Bauman and Griinari, 2003).
Depressed milk fat synthesis is associated with reduced enzyme activity or
mRNA abundance, or both, for acetyl CoA carboxylase, fatty acid synthase,
stearoyl-CoA desaturase, lipoprotein lipase and glycerol phosphate acyl
transferase (Piperova et al., 2000; Ahnadi et al., 2002; Peterson et al.,
2003). Recent advances in regulation of the low milk fat syndrome have
been reviewed (Bauman and Griinari, 2001, 2003).

2.10. Milk Fat Composition and Quality

The uniqueness of milk fat is not limited to its fatty acid profile. If the 400
fatty acids of milk fat were distributed randomly in the milk fat TAGs, the
total theoretical number of glycerides would be 64 x 10° (Jensen, 2002);
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however, distribution is not random, as noted above (see Triacylglycerol
Synthesis). The predominant locations of fatty acids in TAGs are shown in
Table 2.4; however, distributions in high and low molecular weight TAGs
can differ widely from the mean (Morrison and Hawke, 1977b). Also, 36% of
TAGs were found to contain C4y or Cgo and two long-chain fatty acids
(Jensen, 2002). Jensen (2002) listed 22 TAG structures that were found at
>1mol % in the milk fat; these totaled 42.7 mol %.

The acyl carbon number (CN; total carbon in the acyl chains) of milk
fat TAGs typically ranges from 26 to 54. This distribution contributes sign-
ificantly to the physical characteristics of plasticity and spreadability (func-
tionality or rheological properties) of milk fat. This property is caused by a
large proportion of the fat occurring in the molten state at room tempera-
ture, supported in a matrix of solid fat that makes up only a small percentage
of the total fat (German et al., 1997). Changing the fatty acid chain length in
milk fat will change the acyl chain number; an extreme example is shown in
Figure 2.9. In this case, most of the CN54 acyl chains were linoleic acid from
feeding a protected lipid supplement (Morrison and Hawke, 1977a). Butter
made from high-linoleic (>20%) milk fats is slower to churn, more suscep-
tible to oxidation on storage, and breaks down with oiling-off at a tempera-
ture above 10°C. Cheeses made from milk with 10-12% fatty acids as Cjs.»
were acceptable, whereas cheeses with a higher linoleic acid content had off-
flavour, a soft body and a mealy texture (McDonald and Scott, 1977). More
recent applications using milled rapeseed or calcium salts of oilseed fatty
acids have led to the successful development of modified butter (Chouinard
et al., 1998; Fearon, 2001; Fearon et al., 2004) and cheese (Jaros et al., 2001).

Table 2.4. Predominant distribution (mole percent) of fatty acids in milk fat

triacylglycerols®
TAG position
Fatty acid sn-1 sn-2 sn-3
Cao 1.6 0.3 98.1
Ce0 3.1 39 93.0
Cs.o 10.3 55.2 34.5
Cio0 15.2 56.6 28.2
Cizo 23.7 62.9 13.4
Cia0 27.3 65.6 7.1
Ciso 44.1 45.4 10.5
Cigo 54.0 16.2 29.8
Cis:1 37.3 212 41.5

# Adapted from Jensen (2002).
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Percent of total triglyceride

28 30 32 34 36 38 40 42 44 46 48 50 52 54
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Figure 2.9. Distribution of triacylglycerols by acyl carbon number in milk fat from cows fed
diets with no added fat (control) or high in polyunsaturated fats (PUFA). See Table 2.1 for fatty
acid profile (from Palmquist ez al., 1993. J. Dairy Sci. 76, 1753-1771).
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ABBREVIATIONS

ACBP Acyl CoA Binding Protein
ACC Acetyl CoA Carboxylase

ACP Acyl Carrier Protein

Akt Serine/threonine protein kinase
AMP Adenosyl Monophosphate
ATP Adenosyl Triphosphate

cAMP Cyclic AMP

CLA Conjugated Linoleic Acid
CoASH Coenzyme A

CMP Cytidyl Monophosphate

CDP Cytidyl Diphosphate

CTP Cytidyl Triphosphate

DGAT Diacyl Glycerol Acyl Transferase
DHA Docosahexaenoic acid

DM Dry Matter

EPA Eicosapentaenoic acid

FABP Fatty Acid Binding Protein
FAT Fatty Acid Translocator
GLUT Glucose Transporter

GPAT Glycerol Phosphate Acyl Transferase
IGF Insulin-like Growth Factor
LPL Lipoprotein Lipase

NADH + H" Reduced Nicotine Adenine Dinucleotide
NADPH + H* Reduced Nicotine Adenine Dinucleotide Phosphate

NEFA Non-esterified Fatty Acids (also called “free” fatty acids,
FFA)

OAA Oxaloacetate

PFK Phosphofructokinase

PPi Inorganic Pyrophosphate

PPP Pentose phosphate pathway

SCD Stearoyl-CoA Desaturase

sn Sterospecific numbering (of positions on asymmetric
glycerol)

SREBPs Sterol Receptor Element-Binding Proteins

TAG Triacylglycerol

VLDL Very Low Density Lipoproteins



Conjugated Linoleic Acid:
Biosynthesis and Nutritional
Significance

D.E. Bauman and A.L. Lock

Abstract

The term conjugated linoleic acid (CLA) refers to a mixture of positional and
geometric isomers of linoleic acid with a conjugated double bond system; milk
fat can contain over 20 different isomers of CLA. CLA isomers are produced
as transient intermediates in the rumen biohydrogenation of unsaturated
fatty acids consumed in the diet. However, cis-9, trans-11 CLA, known as
rumenic acid (RA), is the predominant isomer (up to 90% of total) because it
is produced mainly by endogenous synthesis from vaccenic acid (VA). VA is
typically the major biohydrogenation intermediate produced in the rumen and
itis converted to RA by A’-desaturase in the mammary gland and other tissues.

Biomedical studies with animal models have shown that RA as well as
VA have anticarcinogenic and antiatherogenic properties, with the effects of
VA being related to its conversion to RA. The anticarcinogenic effects have
been observed for a wide range of cancer types, but the most impressive results
have been reported in relation to mammary cancer. Of special importance,
RA and VA are potent anticarcinogens when supplied as natural food com-
ponents in the form of VA/RA-enriched butter. The functional food con-
siderations of CLA isomers in dairy products realistically relate only to RA as
the major isomer, although this should include VA because in humans it
serves for the endogenous synthesis of RA. The RA and VA content in milk
fat are directly related and they can be markedly enhanced through the use of
diet formulation and nutritional management of dairy cows.

D.E. Bauman and A.L. Lock e« Department of Animal Science, Cornell University, 262
Morrison Hall, Ithaca, NY.

Advanced Dairy Chemistry, Volume 2: Lipids, 3rd edition.
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Trans-10, cis-12 CLA is another CLA isomer in milk fat which can
affect lipid metabolism. It is generally present at low concentrations in milk
fat (typically <0.2% of CLA); under some dietary conditions, a portion of
the rumen biohydrogenation shifts to produce more of this isomer, although
it is still only a minor portion of total CLA. These dietary conditions are
associated with milk fat depression and as little as 2 g/d of trans-10, cis-12
leaving the rumen will reduce milk fat synthesis by 20%. Because of the
potency and specificity of this CLA isomer, it is being developed as a dairy
management tool to allow for a controlled reduction in milk fat output.

CLA isomers in milk fat and how they relate to both animal agricul-
ture and human health are rapidly expanding fields. Milk and dairy products
offer exciting opportunities in the area of functional foods, and the func-
tional properties of VA and RA in milk further serve to illustrate the value of
dairy products in the human diet.

3.1. Introduction

An adequate supply of good-quality food is essential for human health and
well-being. Milk and meat products derived from ruminants represent
important sources of nutrients in human diets, providing energy, high qual-
ity protein, and essential minerals and vitamins (National Research Council,
1988; Demment and Allen, 2003). Nutritional quality is increasingly an
important consideration in food choices because of the growing consumer
awareness of the link between diet and health. Many foods contain micro-
components that have beneficial effects beyond those associated with their
traditional nutrient content, and these are often referred to as “functional
food”” components. One such component in foods derived from ruminants is
conjugated linoleic acid (CLA).

CLA refers to a mixture of positional and geometric isomers of linoleic
acid (cis-9, cis-12 octadecadienoic acid) with a conjugated double bond
system. The structure of two CLA isomers is contrasted with linoleic and
vaccenic acids in Figure 3.1. The presence of CLA isomers in ruminant fat is
related to the biohydrogenation of polyunsaturated fatty acids (PUFAs) in
the rumen. Ruminant fats are relatively more saturated than most plant oils
and this is also a consequence of biohydrogenation of dietary PUFAs by
rumen bacteria. Increases in saturated fatty acids are considered undesirable,
but consumption of CLA has been shown to be associated with many health
benefits, and food products derived from ruminants are the major dietary
source of CLA for humans. The interest in health benefits of CLA has its
genesis in the research by Pariza and associates who first demonstrated that
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Figure 3.1. Chemical structures of linoleic acid (cis-9, cis-12 18:2; A), trans-10, cis-12 conju-
gated linoleic acid (B), rumenic acid (cis-9, trans-11 conjugated linoleic acid; C) and vaccenic
acid (trans-11 18:1; D).

CLA isomers are functional food components when their search for muta-
gens in cooked meat instead identified CLA as an antimutagen (see Pariza,
1999). As a result of this discovery, research on CLA has increased expo-
nentially over the last decade and a number of potential health benefits of
CLA have been reported. The anticarcinogenic activity of CLA has been
established clearly, but biomedical studies with animal models have iden-
tified an impressive range of additional positive health effects for CLA as
summarized in Chapter 17. Particularly noteworthy is the fact that CLA is a
potent anticarcinogen when supplied as a natural food component in the
form of CLA-enriched butter as discussed later in this review.

The presence of CLA in ruminant milk has been known for more than
70 years and in this chapter we will first review the dietary sources of
CLA and provide an overview of the analytical challenges associated with
quantifying CLA in foods and biological samples. Secondly, we will review
the origin of the different CLA isomers present in milk fat, developing the
interrelationships between biohydrogenation intermediates produced in the
rumen, synthesis of CLA in the tissues and the presence of these isomers in
milk fat. Thirdly, we will highlight the nutritional and physiological factors
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that effect the level of CLA in milk fat and discuss milk quality consider-
ations for dairy products that have a naturally enhanced content of CLA.
Finally, we will review the biological effects of CLA related to the dairy cow
and dairy products. This will include its effects on milk fat synthesis in dairy
cows, an area that has progressed rapidly and promises to contribute to our
general understanding of the regulation of lipid metabolism. Our review of
the biological effects will also include the significance of CLA in dairy
products and its potential as a functional food component that benefits
human health. Regular updates and references on the biology of CLA
in dairy chemistry can be found at www.wisc.edu/fri/clarefs.htm and
www.ansci.cornell.edu/bauman.

3.2. Dietary Sources

The predominant source of CLA in human diets is ruminant-derived food
products. CLA is a fatty acid so it is present in milk fat and muscle fat. In the
U.S., dairy products provide about 70% of the intake of CLA and beef
products account for another 25% (Ritzenthaler et al., 2001). Similar values
for the contribution of different food classes have been reported for other
countries (see Parodi, 2003).

Scientists at the University of Reading, UK, first demonstrated that
fatty acids obtained from summer butter differed from those obtained from
winter butter by exhibiting a much stronger spectrophotometric absorption
at 230 um (Booth er al., 1933). It was subsequently concluded that the
adsorption at this wavelength was due to a conjugated double bond pair
(Moore, 1939). Parodi (1977) was the first to identify cis-9, trans-11 octa-
decadienoic acid as a fatty acid in milk fat that contained the conjugated
double bond pair. As analytical techniques improved it was discovered
that milk fat and body fat from ruminants contained many isomers
of CLA that differ by position (e.g., 7-9, 8-10, 9-11, 10-12, 11-13) or
geometric orientation (cis-trans, trans-cis, cis-cis, and trans-trans) of the
double bond pair. The range of CLA isomers and their levels in milk and
dairy products is summarized in Table 3.1. Cis-9, trans-11 is the major CLA
isomer in ruminant fat, representing about 75 to 90% of the total CLA, and
the common name of “rumenic acid” (RA) has been proposed for this
isomer because of its unique relationship to ruminants (Kramer et al.,
1998). The second most common isomer is trans-7, cis-9 CLA, representing
about 10% of total CLA. Each of the other CLA isomers is at a low
concentration when present, generally representing less than 0.5% of the
total CLA in ruminant fat.
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Table 3.1. Range of positional and geometric isomers of conjugated C;s., fatty
acids in milk and dairy products. Adapted from Lock and Bauman (2004)*

Isomer % of total CLA isomers
trans-7, cis-9 1.2-8.9
trans-17, trans-9 <0.1-2.4
trans-8, cis-10 <0.1-1.5
trans-8, trans-10 0.2-04
cis-9, trans-11 72.6-91.2
trans-9, trans-11 0.8-2.9
trans-10, cis-12 <0.1-1.5
trans-10, trans-12 0.3-1.3
cis-11, trans-13 0.2-4.7
trans-11, cis-13 0.1-8.0
trans-11, trans-13 0.3-4.2
cis-12, trans-14 <0.01-0.8
trans-12, trans-14 0.3-2.8
cis-cis isomers 0.1-4.8

* Data derived from seven studies where fatty acid analysis was carried out on milk samples (Precht and
Molkentin, 1997; Piperova et al., 2002; Kraft ez al., 2003; Shingfield et al., 2003; Kay et al., 2004), butter
(Bauman et al., 2000) or cheese (Rickert et al., 1999).

3.3. Analytical Challenges

Biological samples generally contain multiple isomers of CLA, many at very
low concentrations, and each may differ in their biological effects. Thus, the
ability to determine the concentration of specific isomers is becoming
increasingly important, and frequently a combination of analytical methods
is required to quantify fully CLA isomers and related fatty acids (Christie,
2003; Kramer et al., 2004). The analysis of CLA typically requires their
conversion to derivatives that can be separated from other fatty acids in
the sample, usually by either gas chromatography (GC) or high-performance
liquid chromatography (HPLC). Early investigations generally used high
temperature, acid-catalyzed methylation to prepare fatty acid methyl esters,
but subsequent work established that this procedure causes extensive iso-
merization, producing mainly trans/trans isomers. Therefore, data on the
distribution of CLA isomers from early investigations are highly question-
able (Yurawecz et al., 1999).

GC provides the basis for most analytical approaches reported in the
literature, and the use of alkali-catalysed methylation has proven to be the
most accurate method for analysis of CLA (Yurawecz et al., 1999). Sodium
methoxide is the catalyst used most widely and has the advantage that it
does not isomerize conjugated double bonds or form methoxy artifacts.
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Kramer et al. (1997) demonstrated that this procedure completely methy-
lated test samples containing mainly triglycerides, but it did not methylate
free fatty acids. Since milk fat consists of ~98% triglycerides, the contribution
made by other lipids can often be disregarded so that only a base-catalyzed
methylation is necessary (Yurawecz et al., 1999). The transmethylation pro-
cedure described by Christie (1982) with modifications by Chouinard et al.
(1999a) to minimize the loss of highly-volatile short chain fatty acids, is used
widely and recommended for the analysis of fatty acids in milk. In the
GC analysis, the type of column is another important consideration. Long
(100-120 m) highly polar columns are used typically and offer a reasonable
degree of separation for CLA isomers, and especially frans 18:1 fatty acids
(Christie, 2003). However, with typical GC procedures, trans-7, cis-9 CLA
and RA co-elute, and other CLA isomers are often not separable, especially if
there is a low concentration of one isomer relative to another.

Analysis of the CLA content and profile of animal tissues or biological
fluids containing a mixture of lipid classes is more difficult. In order for all of
the fatty acids to be methylated, a two-stage methylation procedure is
recommended. Kramer ez al. (1997) evaluated many different combinations
of acid/base catalysts and concluded that the best compromise was the use of
sodium methoxide followed by a mild acidic methylation, which resulted in
the methylation of the majority of the fatty acids with minimal isomerization
of the CLA isomers. However, mild boron triflouride or 1% methanolic
sulphuric acid with a minimal temperature and reaction time are often
used with good success.

Additional analytical methods are appropriate when a more complete
characterization of the CLA isomers in biological samples is required. Most
often, a combination of GC and silver ion-HPLC is used and permits
excellent separation and identification of positional and geometrical isomers
of CLA (see Adlof, 2003, and Kramer et al., 2004, for detailed reviews of this
approach). In addition, the use of gas chromatography-mass spectrometry
(GC-MS) has become increasingly popular and represents a very powerful
technique for identification of the position of double bonds in fatty acids (see
Dobson, 2003), and the orientation of those bonds in CLA isomers
(Michaud et al., 2003).

In summary, the analysis of CLA can be simple or extensive. The
particular objectives and the anticipated use of the analytical data will
determine the extent to which individual CLA isomers need to be separated,
identified and quantified (Christie, 2003). Methodology for the analysis of
CLA and related fatty acids continues to evolve and it is recommended that
the reader consult recent reviews and publications in this area before under-
taking such analysis for the first time. We recommend Christie (2003) and
Kramer et al. (2004) as excellent practical guides on the analysis of CLA.
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In addition, periodic updates on CLA analysis can be found at
www.lipidlibrary.co.uk.

3.4. Origin of CLA in Milk Fat

3.4.1. Lipid Metabolism in the Rumen

The diet of lactating dairy cows typically contains 4 to 5% fat, with the
major PUFAs being linoleic and linolenic acids that are supplied mainly
from dictary concentrates and forages, respectively. When dietary lipids
enter the rumen, the initial step is hydrolysis of the ester linkages in the
triglycerides, phospholipids, and glycolipids. Hydrolysis of dietary lipids in
the rumen involves extracellular lipases that are produced by the rumen
bacteria; there is little evidence to support significant roles for rumen proto-
zoa and fungi, or salivary or plant lipases in rumen hydrolysis. The extent of
hydrolysis of dietary lipids in the rumen is generally high (>85%), and a
number of factors that affect the rate and extent of hydrolysis have been
identified (see Harfoot, 1981; Doreau and Ferlay, 1994; Doreau et al., 1997b;
Harfoot and Hazlewood, 1997 for reviews).

Biohydrogenation of PUFAs is the second major transformation that
dietary lipids undergo in the rumen and this process first requires that the
fatty acid is free. As a consequence, rates are always less than those of
hydrolysis and factors that affect hydrolysis also affect rates of biohydro-
genation. In the 1960s and 1970s, an extensive series of in vitro and in vivo
studies examined rumen biohydrogenation (see Dawson and Kemp, 1970;
Keeney, 1970; Harfoot, 1981; Harfoot and Hazlewood, 1997). Most biohy-
drogenation (>80%) occurs in association with the small dense (fine) food
particles and this has been attributed to extracellular enzymes of bacteria
either associated with the feed or free in suspension. A few species of rumen
bacteria capable of carrying out the biohydrogenation reactions have been
identified and predominant pathways have been elucidated. Kemp and
Lander (1984) classified rumen bacteria involved in biohydrogenation into
two groups based on their metabolic pathways. Group A included bacteria
that could hydrogenate 18 carbon PUFAs to trans 18:1 fatty acids, whereas
only a few species, characterized as Group B, could hydrogenate trans 18:1
fatty acids to stearic acid (Harfoot and Hazlewood, 1997). Thus, complete
biohydrogenation of unsaturated fatty acids generally requires bacteria from
both groups. However, recent research has identified an occasional excep-
tion where a specific bacterial strain can carry out the complete biohydro-
genation of PUFAs to Cyg. (see Palmquist ez al., 2005).

The initial step in rumen biohydrogenation of linoleic and linolenic
acids involves an isomerization of the cis-12 double bond to a trans-11
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configuration, resulting in a conjugated dieonic or trienoic fatty acid (Figure
3.2). Next, is a reduction of the cis-9 double bond resulting in a trans-11
octadecenoic acid. Therefore, RA is an intermediate formed only during the
biohydrogenation of linoleic acid. The conversion of RA to vaccenic acid
(trans-11 18:1; VA) is catalyzed by a reductase. The structure of VA is given
in Figure 3.1 and it is noteworthy that it is an intermediate in the biohy-
drogenation of both linoleic and linolenic acids (Figure 3.2). The final step is
a further reduction of the trans-monoenes, producing stearic acid. Reduction
of trans-octadecenoic fatty acids to stearic acid is generally the rate-limiting
step and, as a consequence, there is often an accumulation of frans fatty
acids in the rumen (Keeney, 1970).

As analytical techniques improved, we have gained an appreciation of
the complexity of the biohydrogenation processes occurring in the rumen. In
addition to the major pathways involving RA and VA as intermediates,
there must be many additional pathways. A remarkable range of trans 18:1
and CLA isomers are produced during biohydrogenation and their outflow
from the rumen based on limited data from growing cattle and lactating
cows are shown in Table 3.2. This range of CLA and trans-18:1 isomers is

Rumen Mammary gland
Linolenic acid Linoleic acid
cis-9, cis-12, cis-15 18:3 cis-9, cis-12 18:2
Rumenic acid Rumenic acid

cis-9, trans-11, cis-15 18:3

'

trans-11, cis-15 18:2

cis-9, trans-11 CLA > cis-9, trans-11 CLA

A°-desaturase

Vaccenic acid > Vaccenic acid
trans-11 18:1 trans-11 18:1

'

18:0

Figure 3.2. Pathways for ruminal and endogenous synthesis of rumenic acid (cis-9, trans-11
CLA) in the lactating dairy cow. Pathways for biohydrogenation of linoleic and linolenic acids
yielding vaccenic acid (¢rans-11 18:1) are shown in the rumen box and endogenous synthesis by
A®-desaturase is shown in the mammary gland box. Adapted from Bauman et al. (2003).
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Table 3.2. Range of double bond positions in trans Cig.; and conjugated Cg., fatty
acids and their ruminal outflow in growing and lactating cattle*

Trans 18:1 Conjugated 18:2
Isomer Ruminal outflow (g/day) Isomer Ruminal outflow (g/day)
trans-4 0.5-0.7 trans-1, cis-9 <0.01
trans-5 0.4-0.6 trans-1, trans-9 <0.01-0.05
trans-6-8 0.4-6.7 trans-8, cis-10 0.01-0.02
trans-9 0.8-6.2 trans-8, trans-10 <0.01-0.10
trans-10 1.7-29.1 cis-9, cis-11 <0.01-0.01
trans-11 5.0-121.0 cis-9, trans-11 0.19-2.86
trans-12 0.5-9.5 trans-9, trans-11 0.22-0.55
trans-13 + 14 6.5-22.9 trans-10, cis-12 0.02-0.32
trans-15 3.2-8.5 trans-10, trans-12 0.05-0.06
trans-16 3.1-8.0 cis-11, trans-13 0.01-0.10
trans-11, cis-13 0.01-0.46
trans-11, trans-13 0.09-0.40
cis-12, trans-14 <0.01-0.05
trans-12, trans-14 0.08-0.19

* Data derived from three studies where samples were collected from the duodenum (Duckett ez al., 2002;
Piperova et al., 2002) or omasum (Shingfield et al., 2003).

not accounted for by known pathways of rumen biohydrogenation. Isomer-
ase is the enzyme that catalyses the key step that introduces the conjugated
double bond system and, unfortunately, this enzyme has been studied in only
a few species of rumen bacteria (Kepler and Tove, 1967; Kepler et al., 1970;
Yokoyama and Davis, 1971). The isomerase from Butyrivibrio fibrisolvens is
a particulate enzyme bound to the bacterial cell membrane and it has an
absolute substrate requirement for a cis-9, cis-12 diene system and a free
carboxyl group (Kepler and Tove, 1967; Kepler et al., 1970). If the initial
isomerization involves the cis-12 double bond, then a cis-9, trans-11 conju-
gated diene is produced, whereas if the initial double bond isomerized is the
cis-9, then trans-10, cis-12 conjugated diene is produced. Most rumen bac-
teria capable of carrying out this isomerization produce mainly RA from
linoleic acid. However, Kim ez al. (2002) recently demonstrated that the
rumen bacterium, Megasphaera elsdenii YJ-4, produced predominately
trans-10, cis-12 CLA and only a minor quantity of RA when incubated
with linoleic acid. Nevertheless, the extent to which the various pathways
of biohydrogenation are associated with specific enzymes and species of
bacteria or reflect a general lack of specificity of the bacteria and their
enzymes is not known.
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It appears that the type of diet, rather than level of intake, is a major
factor affecting biohydrogenation, and diet-induced changes in the rumen
environment can shift the biohydrogenation pathways resulting in dramatic
changes in the fatty acid intermediates. In addition, recent studies have
established that the metabolism of radio-labelled oleic and eladic acids by
mixed ruminal microorganisms results in extensive labelling of a wide range
of trans octadecenoic fatty acids (trans-6 to trans-16) as well as of stearic acid
(Mosley et al., 2002; Proell et al., 2002). In a few cases, the biological
implications of the changes in the pathways of rumen biohydrogenation
have been established and these will be discussed in later sections. A more
comprehensive discussion of lipid metabolism in the rumen and its effects on
the production of CLA and trans 18:1 isomers is provided in a recent review
by Palmquist et al. (2005).

3.4.2. cis-9, trans-11 CLA (Rumenic Acid)

Initially, it was assumed that the RA in milk fat and body fat of
ruminants originated from incomplete biohydrogenation in the rumen.
This hypothesis was based on the fact that RA was the major CLA isomer
in ruminant fat and the first intermediate in the major biohydrogenation
pathway for linoleic acid (Figure 3.2). A close linear relationship was also
observed between the levels of VA and RA in milk fat (Jiang et al., 1996;
Jahreis et al., 1997, Lawless et al., 1998; Griinari and Bauman, 1999),
consistent with the concept that these two fatty acid intermediates had
escaped complete biohydrogenation in the rumen and were subsequently
absorbed from the digestive tract and used for milk fat synthesis. However,
there were a number of inconsistencies with this idea. Firstly, the kinetics of
rumen biohydrogenation are such that CLA represents only a transitory
product, and VA is the major biohydrogenation intermediate that accumu-
lates in the rumen (Keeney, 1970; Harfoot and Hazelwood, 1997). Secondly,
nutrition studies demonstrated that increases in the milk fat content of CLA
occurred when linseed oil and other dietary sources of linolenic acid were fed
(e.g., Kelly et al., 1998a; Dhiman et al., 2000; Lock and Garnsworthy, 2002).
As previously discussed, RA is not an intermediate in the biohydrogenation
of linolenic acid, but the biohydrogenation of both linoleic and linolenic
acids produces VA as an intermediate. Thirdly, the ratio of VA to RA is
>50:1 in rumen fluid but only about 3:1 in milk fat. Based on these consid-
erations, Griinari and Bauman (1999) proposed that endogenous synthesis
could be an important source of the RA found in milk fat, with synthesis
involving the enzyme A’-desaturase and VA as the substrate (see Figure 3.2).
Previous investigations with A’-desaturase from rat liver established that
while the preferred reaction was the conversion of stearic acid to oleic acid,
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this enzyme could also desaturate positional isomers of trans-octadecenoic
acids (Mahfouz et al., 1980; Pollard et al., 1980).

The first study to show directly that milk fat CLA could originate via
endogenous synthesis was Griinari et al. (2000b); they infused 12.5 g/d of
VA into the abomasum of dairy cows and observed a 31% increase in the
concentration of RA in milk fat. This investigation clearly demonstrated the
potential for endogenous synthesis, but additional studies were needed to
determine its actual importance. To address this, two approaches have been
used; one approach was to inhibit A’-desaturase directly, and this has
involved the use of sterculic oil which contains two cyclopropene fatty
acids, sterculic acid and malvalic acid, which are specific inhibitors of
A°-desaturase (Phelps et al., 1965; Bickerstaffe and Johnson, 1972; Jeffcoat
and Pollard, 1977). To account for the fact that inhibition of A’-desaturase
may not be complete, these investigations employed a correction factor
based on the ratio in milk fat of ¢is-9 Cy4; to Cig (another product:
substrate pair of A’-desaturase that is almost exclusively synthesized in the
mammary gland). Griinari et al. (2000b), using this approach, estimated that
64% of the RA in milk fat was of endogenous origin in cows fed an alfalfa hay/
corn grain-based diet. This represented the first direct demonstration that
endogenous synthesis was the major source of RA in milk fat. Subsequent
investigations using the same approach extended results to other dietary
situations (total mixed diets with or without plant oils and pasture) and in
all cases endogenous synthesis was the predominant source of the RA in milk
fat (Corl et al., 2001; Kay et al., 2004). Results obtained with grazing cows are
of special note because pasture is high in linolenic acid and endogenous
synthesis accounted for >91% of the total RA in milk fat (Kay et al., 2004).

The second approach to quantify the contribution of endogenous
synthesis to milk fat CLA was indirect and involved a comparison of
ruminal outflow with secretion in milk; rumen output of RA would represent
the maximum proportion of RA secreted in milk fat and the remainder
would have to be derived from endogenous synthesis. For this approach,
representative samples of digesta were obtained and data for CLA content
were combined with marker-derived estimates of flow rates of digesta. Lock
and Garnsworthy (2002), who conducted the first such investigation, esti-
mated rumen output of CLA in non-lactating cows and then extrapolated
results to lactating cattle on the basis of feed intake. Their estimates indi-
cated that endogenous synthesis accounted for over 80% of the RA in milk
fat in cows fed a grass silage/concentrate diet supplemented with various
plant oils. Comparable results were obtained in subsequent studies using this
approach with cows fed corn-silage diets containing either a high or low level
of forage (Piperova et al., 2002), and grass silage/concentrate diets including
fish oil supplements (Shingfield et al., 2003). Recently, Palmquist et al. (2004)
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used a mathematical modelling approach to quantify the importance of
endogenous synthesis of CLA in adipose tissue of lambs, but it has not yet
been applied to lactating cows.

Overall, investigators using different diets and experimental approaches
have found similar results; the major source of RA in milk fat is endogenous
synthesis (Figure 3.2). Thus, endogenous synthesis is the basis for cis-9, trans-
11 being the predominant CLA isomer in milk fat and the relatively constant
ratio between VA and RA observed in milk fat reflects the substrate: product
relationship for A°-desaturase.

3.4.3. trans-7, cis-9 CLA

Yurawecz et al. (1998) were the first to identify the presence of trans-7,
cis-9 CLA in milk fat and to do so they used combinations of silver nitrate-
HPLC, GC-MS and Fourier transform infrared spectroscopy. This CLA
isomer had not been detected previously because it co-eluted with RA in GC
methods that were in routine use. Thus, concentrations of RA reported in the
scientific literature typically include trams-7, cis-9 CLA as a component.
Across studies, the level of trans-7, cis-9 CLA in milk fat has generally been
on the order of 10% of RA and several-fold greater than any of the other CLA
isomers (Sehat et al., 1998; Yurawecz et al., 1998; Bauman et al., 2000; Corl
et al., 2002; Piperova et al., 2002). Early investigations with A’-desaturase
from rat liver had established that trans-7 18:1 could serve as a substrate for
this enzyme (Mahfouz et al., 1980; Pollard et al., 1980). Furthermore, trans-7
18:1 is present in rumen outflow, albeit at low concentrations (Table 3.2),
being produced as an intermediate in the biohydrogenation of oleic acid and
18-carbon PUFAs, as discussed earlier. Based on this, when Yurawecz et al.
(1998) initially discovered trans-7, cis-9 CLA in milk fat, they speculated that
it might originate from endogenous synthesis.

A number of the investigators who determined endogenous synthesis of
R A also examined the source of trans-7, cis-9 CLA in milk fat. Corl ez al. (2002)
inhibited the activity of A’-desaturase in lactating dairy cows with sterculic oil
as a source of cyclopropene fatty acids and with frans-10, cis-12 CLA, a
specific inhibitor of both activity and gene expression for A’-desaturase
(Lee et al., 1998; Bretillon et al., 1999; Baumgard et al., 2000; Park et al.,
2000). Their data indicated that the trans-7, cis-9 CLA in milk fat was “derived
almost exclusively from endogenous synthesis via A’-desaturase” (Corl et al.,
2002). Consistent with this, they also observed that there was no detectable
trans-7, cis-9 CLA in rumen fluid. Piperova et al. (2002) used the indirect
approach to calculate rumen outflow by combining duodenal content of
trans-7, cis-9 CLA with an estimate of digesta flow. When estimates of
rumen output of this CLA isomer were compared to that secreted in milk,
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they concluded that ‘“almost the entire [amount of] trans-7, cis-9 CLA”
found in milk fat must be produced postruminally. Thus, results from
these two very different approaches were in agreement that the source of
trans-T, cis-9 CLA in milk fat was endogenous synthesis via A’-desaturase
from ruminally produced trans-7 18:1.

3.4.4. The A°-Desaturase Enzyme System

The predominance of endogenous synthesis as the source of RA and
trans-7, cis-9 CLA in milk fat highlights the critical role of A’-desaturase in
the biology of CLA. Although referred to as A’-desaturase in this review,
this enzyme is also known as stearoyl-CoA desaturase (EC 1.14.19.1) in
biochemistry texts because stearic acid is its most common substrate. The
oxidative reaction catalyzed by A’-desaturase involves cytochrome bs,
NAD(P)-cytochrome bs reductase and molecular oxygen (Figure 3.3). The
CoA ester of VA is the substrate for the formation of RA, but the preferred
substrates for A’-desaturase are stearoyl-CoA and palmitoyl-CoA, which
are converted to oleoyl-CoA and palmitoleoyl-CoA, respectively (Ntambi,
1999). For ruminants, a substantial activity of A’-desaturase has been
reported in mammary tissue (Bickerstaffe and Annison, 1970; Kinsella,
1972; McDonald and Kinsella, 1973; Wahle, 1974), adipose tissue (Wahle,
1974; Chang et al., 1992; Cameron et al., 1994; Barber et al., 2000) and
in intestinal epithelium (Bickerstaffe and Annison, 1969). In contrast to
rodents, the ruminant liver has only negligible activity. Both bovine (Cooney
and Headon, 1989; Chung et al., 2000) and ovine (Ward et al., 1998)
A’-desaturase genes have been cloned and only one gene has been found.
This is similar to humans, but differs from rodents where two isoforms of the
gene have been identified in rats and three isoforms of the gene have been
characterized in mice (Ntambi and Miyazaki, 2004).

Our understanding of the regulation of A’-desaturase in ruminants is
limited, with current knowledge coming mainly from investigations on

NAD(P)H Cyt bs reductase 2 Cyt bg cis—9, trans-11 CLA-CoA + H,0
(FAD) Fe?* °
A9-desaturase
NAD(P)* Cyt by reductase 2 Cyt bs trans-11 18:1-CoA + 02
(FADH,) Fed+

racyI-CoA synthetase

trans-11 18:1

Figure 3.3. The A’-desaturase enzyme system showing the conversion of vaccenic acid (trans-
11 18:1) to rumenic acid (cis-9, trans-11 CLA).
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rodents. A’-Desaturase has no known allosteric or feedback inhibition
involving its substrates or products. However, it is regulated by dietary
factors such as glucose and PUFAs, and by hormones such as insulin and
glucagon (Ntambi and Miyazaki, 2004). The enzyme protein has a relatively
short half-life (~4 h) and thus gene transcription is its major point of
regulation (Ozols, 1997). Both PUFAs and trans-10, cis-12 CLA down-
regulate gene expression, but RA has no effect (Lee et al., 1998; Choi et al.,
2000; Ntambi and Miyazaki, 2004). Interestingly, the cyclopropene fatty
acids in sterculic oil do not affect expression of the A’-desaturase gene or
protein, but they directly inhibit the activity of the enzyme (Gomez et al.,
2003).

At a cellular level, regulation of A’-desaturase in mammary tissue
appears to involve the sterol-response-element-binding-protein (SREBP)
family of transcription factors (Peterson et al., 2004). PUFAs inhibit the
processing of SREBP-1 and may decrease the abundance of the precursor
protein, leading to reduction in transcription of many genes in the lipogenic
pathways, including A’-desaturase (Shimano, 2001; Horton ez al., 2002).
Ward e al. (1998) reported high expression of A’-desaturase mRNA in
adipose tissue and mammary gland of lactating sheep, and expression was
decreased by 80% in adipose tissue of animals during pregnancy and lacta-
tion, a time when lipogenic activity is increased in mammary gland and
decreased in adipose tissue (Bauman and Currie, 1980).

The relationship between substrate and product for A’-desaturase is
reflected by the desaturase index, defined as [RA + (RA + VA)] (Kelsey
et al., 2003). The desaturase index in milk fat represents a proxy for
A’-desaturase and a several-fold range is observed among individuals. This
is discussed in Section 3.5.2, but provides a strong indication that there are
genetic differences among individuals with respect to this enzyme.

3.4.5. Other CLA Isomers

In contrast to cis-9, trans-11 and trans-7, cis-9, the other isomers of
CLA found in the milk fat of ruminants appear to originate exclusively from
rumen output. This conclusion is based, in large part, on the fact that these
minor cis-trans, trans-cis, cis-cis, and trans-trans isomers are detected in
rumen fluid (Corl et al., 2002) and duodenal fluid (Piperova et al., 2002;
Shingfield et al., 2003), and estimates of digesta flow indicate that rumen
output is more than adequate to account for the trace amounts secreted in
milk fat (Piperova et al., 2002; Shingfield et al., 2003). Furthermore, there
has been no demonstration that other mammalian desaturases act in a
manner analogous to A’-desaturase to synthesize CLA endogenously from
trans octadecenoic fatty acids. Thus, these CLA isomers found at trace levels
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in milk fat are logically of rumen origin and represent intermediates formed
in the biohydrogenation of PUFAs.

Information on the effect of diet on the production of minor isomers of
CLA in the rumen and alterations in their content in milk fat is limited. Diet-
induced changes in trans-10, cis-12 CLA have been best described, and its
biological effects in the dairy cow will be discussed in Section 3.6.1. Griinari
and Bauman (1999) presented a putative pathway for the biohydrogenation
of linoleic acid where the initial isomerization involved the cis-9 double bond,
thereby resulting in the production of trans-10, cis-12 CLA and trans-10 18:1
as intermediates. As discussed earlier, rumen bacteria have been identified that
produce trans-10, cis-12 CLA when incubated with linoleic acid (Verhulst
et al., 1987; Kim et al., 2002), and the addition of trans-10, cis-12 CLA to
the rumen results in the increased formation of trans-10 18:1 (Loor and
Herbein, 2001).

Diet has also been shown to influence rumen output and milk fat
content of other minor CLA isomers, although they always remain a small
portion of total CLA in milk fat. For example, dietary supplements rich in
linolenic acid increased the relative proportions of trans-11, cis-13 CLA,
trans-11, trans-13 CLA, cis-12, trans-14 CLA, and trans-12, trans-14 CLA
(Griinari et al., 2000a; Griinari and Shingfield, 2002). Ruminal output of
trans-trans CLA isomers with double bonds at positions 9, 11 and 10, 12 was
enhanced when diets contained high amounts of concentrates (Piperova
et al., 2002) or were supplemented with fish oil (Shingfield et al., 2003).
Recently, Kraft et al. (2003) reported that trans-11, cis-13 CLA represented
2 to 8% of total CLA in milk fat from cows grazing in the Alps. Kramer ef al.
(2004) verified this when they found relatively high concentrations of this
isomer in a cheese sample produced from the milk of Alpine cows and trans-
11, cis-13 CLA was also observed at significant concentrations in a sample of
Yak milk fat (Cruz-Hernandez et al., 2004). Kraft et al. (2003) suggested that
the trans-11, cis-13 CLA might be produced via rumen biohydrogenation of
linolenic acid based on the lipid content of Alpine pasture, but this has not
been established directly. Overall, most investigations of the effects of diet on
CLA have not used the detailed analytical methods required to resolve the
full range of minor CLA isomers. Thus, more completely identifying rumen
biohydrogenation pathways and establishing their relationship to specific
rumen bacteria and diets are important areas for future research.

3.5. Modification of CLA Content in Milk Fat

The discovery of health benefits of CLA and a recognition of the potential
of RA as a functional food component in dairy products has stimulated
research to identify factors that affect the CLA content of milk fat. These
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efforts have focused on enhancing the CLA content per unit of fat
and centered on RA as the predominant CLA isomer. From the preceding
discussion on the origin of RA (Section 3.4.2), there are four possibilities
to consider: (i) increase the 18-carbon PUFA precursors in the diet
(linoleic and linolenic acids); (ii) maintain rumen biohydrogenation path-
ways that result in the production of VA as an intermediate; (iii) inhibit
the final step in the biohydrogenation of 18-carbon PUFAs so that VA
accumulates; and (iv) increase A’-desaturase and the desaturation of
VA to RA in the mammary gland. In the following sections, we will discuss
results of investigations designed to establish dietary and nutritional condi-
tions that maximize rumen outflow of VA and RA, optimize the amount
and activity of A’-desaturase in mammary tissue, and identify the physio-
logical basis for the large differences among individuals in terms of the
production of CLA. Obviously, before CLA-enriched foods are widely
marketed, effects on quality and consumer acceptability of the dairy prod-
ucts also need to be examined, and the limited research on this will be
summarized also.

3.5.1. Dietary and Nutritional Effects

Numerous studies have shown that diet is the most significant factor
affecting the CLA content of milk fat, and its concentration can be increased
several-fold by dietary means (see reviews by Chilliard et al., 2000; 2001;
Bauman et al., 2001; Stanton et al., 2003; Lock and Bauman, 2004). As cited
above, one key to increasing milk CLA is to increase the dietary intake of 18-
carbon PUFAs, thereby providing more substrate for rumen biohydrogena-
tion. The dietary supply of linoleic and linolenic acids is most easily
increased by the addition of plant oils rich in these fatty acids, and a number
of plant oils have been investigated and shown to be effective in increasing
the level of CLA in milk fat. For example, dietary supplements of soybean,
sunflower, rapeseed or linseed oils have been used successfully to increase the
level of CLA in milk fat (Kelly et al., 1998a; Dhiman et al., 2000; Chouinard
et al., 2001; Lock and Garnsworthy, 2002).

The slow release of PUFAs in the rumen typically creates favourable
conditions for the accumulation of trans-18:1 fatty acids, thereby increasing
rumen output of VA (Bauman et al., 2001). In this regard, the coat of oil seeds
offers some protection against rumen biohydrogenation and thus, the use of
different oil seeds and processing techniques have been investigated also;
correspondingly, a range of oilseeds containing both linoleic and linolenic
acids have been shown to be affective in increasing the CLA content of milk
fat (e.g., Stanton et al., 1997, Dhiman et al., 2000; AbuGhazaleh et al., 2001;
Chouinard et al., 2001). In general, oil seeds that are rich in 18-carbon PUFAs
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and processed so that the oil is accessible to the bacteria involved in biohy-
drogenation result in greater increases in milk CLA compared with whole oil
seeds, but are not as efficient as using the pure oil (Lock and Bauman, 2004).
The use of calcium salts of fatty acids derived from plant oils has also been
investigated because of the partial protection that the calcium-fatty acid
complex offers from rumen biohydrogenation. Chouinard ez al. (2001) fed
calcium salts of fatty acids derived from rape, soybean and linseed oils; all
three increased the CLA content of milk fat, with the largest increases occur-
ring for those containing the greatest amounts of linoleic and linolenic acids
(soybean and linseed, respectively).

The amount of 18-carbon PUFAs that can be added to the diets of
dairy cows is limited due to the adverse effects these PUFAs can have on the
metabolism of rumen bacteria, thereby impairing rumen fermentation and
animal performance (Jenkins, 1993). Thus, dairy cattle diets are generally
restricted to less than 7% total lipid, and this provides an upper limit to the
use of lipid supplements. Oilseeds and chemical protection of oils offer some
benefit as they often allow for greater amounts of the oil to be fed before
negative effects on microbial growth and metabolism are realized. When a
high level of oil is added, up to 10-fold increases in the CLA content of milk
fat are observed, but because of negative effects on rumen bacteria discussed
above, these levels are often transient and decline within a few weeks to
stabilize at ~4-fold to 5-fold increases (e.g., Bauman et al., 2000). In
addition, there is often a fine line between supplying additional lipid supple-
ments to increase milk fat CLA content and causing changes in the rumen
environment; for example, under some conditions the rumen environment
may be modified to produce more trans-10 18:1 and trans-10, cis-12 CLA as
intermediates and this results in a dramatic reduction in milk fat synthesis
(see Section 3.6.1).

Another means through which dietary and nutritional factors can
increase the CLA content of milk fat is by inhibiting the terminal step in
biohydrogenation (Figure 3.2). This typically occurs either directly or indir-
ectly via changes in the rumen environment; the net result is an accumulation
of VA, thereby increasing the rumen outflow of this precursor for the
endogenous synthesis of CLA. A limited number of bacterial species have
been shown to carry out the final biohydrogenation step and, presumably,
changes in the rumen environment lead to a reduction in these species and/or
a reduction in their capacity to reduce VA to stearic acid. Several dietary
situations also have these effects and they include alterations in the forage:
concentrate ratio, dietary supplements of fish oil and restricted feeding (see
Bauman ez al., 2001). The most consistently effective of these is the use of fish
oils. Fish oils themselves provide very little 18-carbon PUFAs precursors to
allow for increased rumen VA output, indicating that this increase occurs
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through an inhibition of the biohydrogenation of VA; indeed, C22:6 n-3
(docosahexaenoic acid, DHA), a major n-3 fatty acid in fish oil, has been
shown to promote the accumulation of VA in mixed ruminal cultures when
incubated with linoleic acid (AbuGhazaleh and Jenkins, 2004). Both linoleic
and linolenic acids are plentiful in forages and concentrates which provide
sufficient 18-carbon PUFA precursors. A range of fish and marine oils have
been used with success, and similar to the supply of 18-carbon PUFAs
discussed above, both lipid supplements and fish by-products (fish meal)
have been shown to be effective (e.g., Offer et al., 1999; Donovan et al., 2000;
AbuGhazaleh et al., 2001; Shingfield ez al., 2003). Marine algae also contain
long chain PUFAs and have also been effective (Franklin ez al., 1999).

The most effective dietary treatments for increasing the CLA content
of milk fat are those that both increase the supply of 18-carbon PUFAs and
modify the rumen environment. The most widely studied of these is the use
of fresh pasture, with numerous studies indicating that fresh pasture results
in a 2-fold to 3-fold increase in the CLA content of milk fat (e.g., Stanton
etal., 1997; Kelly et al., 1998b; Dhiman et al., 1999). The degree of response,
however, decreases as the pasture matures and the proportion in the diet
decreases. Correspondingly, seasonal effects on milk CLA content have been
reported, with the trend that the content is greatest when fresh pasture is
plentiful, and decreases throughout the growing season (Riel, 1963; Banni
et al., 1996; Auldist et al., 2002; Lock and Garnsworthy, 2003). These results
cannot be explained fully in terms of the fatty acid composition and supply
of PUFAs that grass provides; therefore, there must be additional factors or
components of grass that promote the production of VA in the rumen, and
these lessen in effect as the pasture matures (Lock and Bauman, 2004).
Presumably, these factors inhibit the conversion of VA to stearic acid, as
discussed previously. The effect of different farming systems has also been
investigated, with systems differentiated by the amount and type of forage
typically fed to cows. In general, production systems with the greatest
proportion of fresh forage in the diet give the highest level of CLA in milk
fat. For example, Jahreis et al. (1997) reported that cows grazed during the
summer months had a higher level of CLA in milk than cows housed all-year
round and fed conserved forage.

Although the use of fresh pasture has striking effects on enhancing the
CLA content of milk fat, a similar increase is possible using standard dietary
ingredients such as plant oils/oilseeds and fish oil/fish meal supplements.
Further, there is some indication that dietary regimes involving a combin-
ation of supplements can have an additive effect on increasing the level of
CLA in milk; for example Whitlock et al. (2002) observed higher levels with
a combination of plant oil and fish oil than when either was fed alone. In all
of the dietary situations designed to enhance the level of CLA in milk fat, it
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is vital that the normal VA pathway of biohydrogenation is maintained. If
shifts in biohydrogenation occur, then the pattern of trans fatty acids
changes and there will be a reduction in the rumen output of VA, and as a
consequence a reduction in the level of CLA in milk fat. This shift in the
pathways of biohydrogenation is also associated with an increased risk of
depression of milk fat synthesis (see Section 3.6.1).

3.5.2. Physiological Factors

Physiological factors also have an impact on the content of CLA in
milk fat. Surveys have shown an 8-fold range in the milk fat content of CLA
among herds (Riel, 1963; Kelly and Bauman, 1996) and these differences in
large part reflect diet and nutritional effects as discussed above. However,
substantial differences are observed among cows within a herd consuming
the same diet. Investigations involving diets ranging from corn-based total
mixed rations to pasture have all shown a 2-fold to 3-fold range in the milk
fat content of CLA among individual cows (e.g., Kelly et al., 1998a, b;
Lawless et al., 1998; Lock and Garnsworthy, 2002; 2003; Peterson et al.,
2002b). Thus, across diets that result in substantial differences in the average
milk fat content of CLA, a similar 2-fold to 3-fold range is observed among
cows consuming the same diet. This variation would in large part be related
to individual differences in, (1) rumen output of VA and to a lesser extent
CLA, and (2) the amount and activity of A’-desaturase.

The final method to enhance the level of CLA in milk is to increase
endogenous synthesis and this probably explains the variation among cows
in a herd fed the same diet. Undoubtedly, the variation in A’-desaturase
among individuals has a genetic basis (Bauman et a/., 2003), but this has not
been examined directly. However, an indirect evaluation is possible because
milk fat contains four major fatty acid pairs that represent a product/sub-
strate relationship for A’-desaturase, myristoleic/myristic acid, palmitoleic/
palmitic acid, oleic/stearic acid and RA/VA. Ratios for these pairs of fatty
acids, referred to as a desaturase index, represent a proxy for A’-desaturase
activity. In the largest study to examine this hypothesis, Kelsey ez al. (2003)
found that the variation in milk fat content of RA and the desaturase index
was about 3-fold among individuals consuming the same diet. Other investi-
gators have also observed a 2-fold to 3-fold range in desaturase index among
cows in the same herd (Lock and Garnsworthy, 2002; 2003; Peterson ez al.,
2002b). Peterson et al. (2002b) also demonstrated a consistency in the indi-
vidual hierarchy in desaturase index over time when cows were fed the same
diet and a consistency in the individual hierarchy when cows were switched
between diets. Presumably, this variation reflects individual differences in the
activity of A’-desaturase involving the regulation of gene expression, primary
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or tertiary structure of the enzyme due to gene polymorphisms, post-
translational modifications, or other factors affecting the interaction between
the enzyme and the substrate or product.

Several specific physiological factors have been examined for effects on
the level of CLA in milk fat, but because of the large impact of diet and the
wide range among individuals, it is important that these comparisons involve
a reasonable number of cows fed a common diet. These conditions were met
in the studies by Kelsey ez al. (2003) and Lock et al. (2005a), and both found
that the CLA content of milk fat and the desaturase index had no relation-
ship to parity or stage of lactation (days in milk). Likewise, they observed
that the milk fat content of CLA and desaturase index also had no relation-
ship to milk yield, milk fat percentage or yield of milk fat (Kelsey ez al., 2003;
Lock et al., 2005a). The investigation by Kelsey ez al. (2003) involved over
200 cows fed the same diet and showed no difference between Holstein and
Brown Swiss breeds. In contrast, several studies have reported breed differ-
ences in the CLA content of milk fat (Lawless et al., 1999; White et al., 2001;
Whitlock et al., 2002), which may reflect differences in desaturase index
among breeds. However, these studies often involved very few animals or
were confounded by diet, or both. Using a larger data set, DePeters et al.
(1995) reported breed differences in the desaturase index in the milk fat of
dairy cows, consistent with the suggestion that the activity of A’-desaturase
is higher in Holstein than in Jersey mammary tissue (Beaulieu and Palm-
quist, 1995). However, if breed differences exist they would appear to be
minor compared with the magnitude of dietary effects and variation among
cows in terms of both the CLA content of milk fat and desaturase index.

Increasing A’-desaturase activity would not only impact on the level of
CLA in milk fat, but would also increase other unsaturated fatty acids that
are products of this enzyme. As a consequence of these changes, the satur-
ated:unsaturated content of milk fat would be altered resulting in an
improvement in the “human health” characteristics of milk fat. Thus, estab-
lishing the heritability of individual differences in the desaturase index and
the extent to which this could be used in genetic selection programmes is of
interest. This potential to improve the fatty acid composition of milk fat is
also the basis for recent work to produce transgenic goats that have greater
expression of A’-desaturase in the mammary gland (Reh et al., 2004).

3.5.3. Manufacturing and Product Quality Considerations

Consumer surveys indicate an interest in dairy products that are enriched
in CLA (Ramaswany et al., 2001b). As outlined in preceding sections, the
level of CLA in milk fat can be enhanced several-fold naturally by diet
formulation and selection of individual cows with elevated milk fat CLA.



Conjugated Linoleic Acid: Biosynthesis and Nutritional Significance 113

But central to marketing and consumer acceptance of CLA-enriched foods is
a consideration of the effects of processing and storage, and the final sensory
characteristics of CLA-enriched products. Many dairy products undergo a
microbial fermentation during processing and the effects of these on the
CLA content have been of special interest. Several studies have investigated
this and found that food processing and manufacturing have little or no
effect on CLA content (Shantha et al., 1992, 1995; Werner et al., 1992; Jiang
et al., 1997; Lin et al., 1999: Gnidig et al., 2004). As emphasized in the
review by Parodi (2003), any changes in the CLA content related to process-
ing or to storage are minimal when compared to the variations associated
with diet formulations and differences between individual cows. Thus, the
final concentration of CLA in dairy products is, in large part, related to the
CLA concentration in the raw milk fat and the fat content of the final
product.

Consumer acceptability of CLA-enriched dairy products is also depen-
dent on their taste and organoleptic properties. Off-flavours due to fatty acid
oxidation are of prime concern because diet formulation methods used to
enhance milk fat with respect to CLA generally cause an increase in the
proportion of unsaturated fatty acids in the milk fat (Lock and Bauman,
2004). Reports on sensory characteristics and quality of naturally-enriched
dairy products, typically having a 2-fold to 3-fold increase in milk fat CLA,
have generally indicated no differences from unenriched dairy products
(Ramaswamy et al., 200la, b; Baer et al., 2001; Avramis et al., 2003;
Gonzalez et al., 2003). An exception is Lacasse et al. (2002) who found
that 2.7%-fat milk from cows fed either protected (3% of dry matter) or
unprotected fish oil (3.7% of dry matter) scored significantly lower in flavor
and taste. However, the levels of fish oil used in this study were significantly
greater than used by others.

Lynch et al. (2005) compared the flavor, organoleptic and storage
characteristics of standard 2%-fat milk with 2%-fat milk that had an
approximately 10-fold higher level of CLA. The naturally enhanced milk
(the level of CLA and VA was 47 and 121 mg/g fatty acids, respectively) was
produced through individual selection and nutritional management of
the cows. Initial evaluation of the milk and evaluation over a 14-day post-
pasteurization period indicated no flavor differences as determined by
triangle taste tests. Similarly, sensory results indicated no differences in
susceptibility to the development of oxidized off-flavors between the control
and CLA-enhanced milks, even when milk was stored under light (Lynch
et al., 2005). Thus, flavor and consumer acceptability were maintained in a
dairy product with substantially enhanced levels of CLA and VA.

The research discussed above involved dairy products that were nat-
urally enriched with CLA through formulation of diets known to increase
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the level of CLA in milk fat and selection of individual cows with a higher
level of CLA in their milk fat. Campbell et al. (2003) used an alternative
approach involving fortification of milk fat with synthetic CLA during the
manufacturing process. They added 1 or 2% CLA-containing triglycerides to
skim milk together with vitamin E and rosemary extract to retard lipid
oxidation. Descriptive sensory analysis revealed that the fortified milk had
a “‘grassy/vegetable oil” flavor and consumer acceptability scores were low,
although acceptability was improved when a chocolate flavor was added.
Overall, results to date indicate that manufacturing and quality char-
acteristics were normal for dairy products naturally enriched with CLA and
consumer acceptability was comparable to unenriched dairy products. How-
ever, the single study examining fortification of skim milk with synthetic
CLA during the manufacturing process had poor consumer acceptability.

3.6. Biological Effects of CLA Isomers

A broad overview of the biological effects of CLA is presented elsewhere in
this volume (Chapter 17), so the emphasis in the following section will
be two-fold. Firstly, the biology of trans-10, cis-12 CLA in the dairy cow
will be summarized because under certain dietary conditions, production of
this isomer in the rumen can profoundly affect milk fat synthesis. Secondly,
the biological effects of RA when supplied as a natural component of the diet
will be reviewed because this CLA isomer represents a functional component
of milk fat that has potential health benefits. Although other CLA isomers
are present in milk fat, they are present at concentrations much too low to
have a significant effect.

3.6.1. trans-10, cis-12 CLA and Lipid Metabolism
3.6.1.1. Inhibition of Milk Fat Synthesis

Investigations in which the transfer of CLA to milk fat in dairy cows
was examined showed that supplementation of mixed isomers of CLA
resulted in a dramatic reduction in milk fat secretion (Loor and Herbein,
1998; Chouinard et al., 1999a, b). Decreases of up to 50% in milk fat yield
occurred and the effects were reversed when supplementation was termin-
ated. Furthermore, effects were specific for milk fat with the yield of milk
and other milk components being relatively unaffected. Initial investigations
were of short duration (<7 days) and the CLA supplement was infused
abomasally as a convenient experimental method to avoid possible alter-
ations during rumen fermentation. However, subsequent long-term studies
(20 weeks) demonstrated that the reduction in milk fat synthesis was
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maintained when a rumen-protected formulation of CLA was used (Perfield
et al., 2002; Bernal-Santos et al., 2003).

Early investigations utilized CLA supplements that were composed of
a mixture of, generally, four or more isomers. Baumgard ez al. (2000)
reported the first evidence of the differential effect of specific CLA isomers
on milk fat synthesis; they demonstrated that abomasal infusion of trans-10,
cis-12 CLA resulted in an immediate decrease in milk fat synthesis whereas
RA had no effect. Recently, additional CLA isomers have been examined via
abomasal infusion and these have included trans-8, cis-10 CLA, cis-11, trans-
13 CLA, and trans-10, trans-12 CLA (Perfield et al., 2004a, c). Although all
of these isomers were taken up by the mammary gland and incorporated into
milk fat, none affected the rate of milk fat synthesis. Thus, trans-10, cis-12
CLA is the only CLA isomer that has been shown to reduce milk fat
synthesis. The initial step in the metabolism of linoleic and linolenic acids
to form eicosanoids is catalyzed by A®-desaturase. The metabolite formed by
the action of A®-desaturase on trans-10, cis-12 CLA is cis-6, trans-10, cis-12
18:3. Investigations of this fatty acid, as well as cis-6, trans-8, cis-12 18:3,
have established that neither of these conjugated trienoic 18:3 fatty acids
affect milk fat synthesis or any other lactational variable (Sebe et al., 2005).

Relationships between trans-10, cis-12 CLA and milk fat synthesis
have been examined. There is a curvilinear relationship between the reduc-
tion in milk fat yield and the abomasal infusion dose of trans-10, cis-12 CLA
(Figure 3.4). Trans-10, cis-12 CLA is a very potent inhibitor of milk fat
synthesis in dairy cows; a dose of 2.0 g/d (<0.01% of dry matter intake)
reduced milk fat synthesis by 20%. Trans-10, cis-12 CLA is also incorporated
into milk fat and in this case the relationship is linear (Figure 3.4); a
summary of seven studies showed that the transfer efficiency of aboma-
sally-infused trans-10, cis-12 CLA into milk fat averaged 22% (de Veth
et al., 2004). The linear relationship in transfer to milk fat is remarkable
when one considers that the yield of milk fat is simultaneously decreased as
the abomasal dose of trans-10, cis-12 CLA is increased. This suggests that
the mechanisms which coordinate the CLA-induced decrease in the use of
preformed fatty acids for milk fat synthesis have a less pronounced effect on
the mammary uptake and incorporation of tzrans-10, cis-12 CLA into milk
fat, but the basis for this difference is unknown.

Initial studies on CLA showed that the reduction in milk fat secretion
reflected decreases in fatty acid levels of all chain-length, but effects were
most pronounced for those synthesized de novo (Loor and Herbein, 1998;
Chouinard et al., 1999a,b). As investigations focused on trans-10, cis-12
CLA and expanded to include a range of doses, it was discovered that at
lower doses, the reduction in milk fat was distributed more uniformly among
the fatty acids synthesized de novo (short-chain and medium-chain length)
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Figure 3.4. Relationships between dose of trans-10, cis-12 CLA infused into the abomasum
and (i) change in milk fat yield (A; y = —48.26 + 49.03 exp~ %282 ; R? = 0.86), and (ii) secretion
of trans-10, cis-12 CLA into milk fat (O0; y = 0.2175x + 0.0111; R? = 0.94). Adapted from a
summary by de Veth et al. (2004) using data from Baumgard ez al. (2000, 2001, 2002), Peterson
et al. (2002a), Szbe et al. (2005), de Veth et al. (2004) and Perfield et al. (2004c).

and the longer-chain fatty acids taken up from the blood (Baumgard et al.,
2001; Peterson et al., 2002a). Likewise, an inhibition of A’-desaturase which
resulted in a marked shift in the fatty acid composition of milk fat was
observed only at doses of trans-10, cis-12 CLA where milk fat production
was reduced by >20%. At lower doses of trans-10, cis-12 CLA, the ratio of
fatty acids representing product/substrate for A’-desaturase was unaffected
(Baumgard et al., 2001; Peterson et al., 2002a; de Veth et al., 2004).

The changes observed in the fatty acid composition of milk in CLA-
supplemented cows suggest that many of the processes involved in milk fat
synthesis must be affected. Baumgard et al. (2002) conducted the first
investigation of this by quantifying the abundance of mRNA for several
lipogenic enzymes in mammary tissue obtained 5 days after treatment with
trans-10, cis-12 CLA. They found that the 48% reduction in milk fat yield
corresponded to a reduction of similar magnitude in the abundance of
mRNA for genes that encoded for enzymes involved in the uptake and
transport of circulating fatty acids (lipoprotein lipase and fatty acid-binding
protein), de novo fatty acid synthesis (acetyl CoA carboxylase and fatty
acid synthase), desaturation of fatty acids (A’-desaturase), and triglyceride
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synthesis (glycerol phosphate acyltransferase and acylglycerol phosphate
acyltransferase). Subsequent work using a bovine mammary epithelial cell
line has given similar results when cells were incubated with trans-10, cis-12
CLA (Peterson et al., 2004).

The biochemical responses described above support the hypothesis
that the reduction in the production of milk fat involves a coordinated
regulation of key lipogenic enzymes in the mammary gland, and logical
candidates as a central regulator of lipid synthesis are the sterol-response-
element-binding-proteins (SREBP). The role of SREBP in the regulation of
lipid metabolism has been characterized elegantly in rodents where pro-
moters for sterol response elements have been identified in genes for key
enzymes in the pathways of fatty acid synthesis and metabolism (see reviews
by Shimano, 2001; Horton et al., 2002). Recently, Peterson et al. (2004)
found that bovine mammary epithelial cells also contain SREBP. They
demonstrated further that trans-10, cis-12 CLA reduced lipid synthesis in
these cells through inhibition of the proteolytic activation of SREBP-1 and
subsequent reduction in translational activation of lipogenic genes. Thus, the
mechanism whereby trans-10, cis-12 CLA affects milk fat synthesis appears
to involve alterations in the activation of this transcription factor.

3.6.1.2. Relationship to Diet-Induced Milk Fat Depression

Under particular dietary situations, a reduction in the content and
yield of milk fat occurs in dairy cows. This has commonly been referred to
as milk fat depression (MFD) and recent investigations indicate that this
metabolic syndrome is related, at least in part, to effects of specific CLA
isomers on rates of milk fat synthesis. First described over a century ago,
MFD has most often been observed with diets that are low in roughage and
high in starch, diets containing plant or fish oil supplements and diets where
effective fiber is reduced by processing the forage (e.g., grinding or pelleting).
Effects are specific for milk fat and decreases of up to 50% have been
observed.

Diet-induced MFD has been the subject of extensive research, espe-
cially over the last 50 years (see reviews by Davis and Brown, 1970; Palm-
quist et al., 1993; Bauman and Griinari, 2001). Many theories have been
advanced to explain diet-induced MFD, however, most have been found
inadequate to explain the cause and mechanism of this phenomenon (Dor-
eau et al., 1997a; Bauman and Griinari, 2001, 2003). A shift in rumen
fermentation is clearly involved and the occurrence corresponds to a marked
increase in the frans 18:1 content of milk fat (Davis et al., 1970; Griinari
et al., 1998). While VA is generally the principal trans 18:1 isomer in milk fat,
a key development was the discovery by Griinari et al. (1998) that the change



118 D.E. Bauman and A.L. Lock

with diet-induced MFD specifically involved an increase in the trans-10 18:1
isomer. Subsequently, this was verified for other dietary conditions (Piper-
ova et al., 2000; Offer et al., 2001; Peterson et al., 2003), and it established
that diet-induced MFD involved a shift in the rumen pathways of biohy-
drogenation, as indicated in Figure 3.5.

Bauman and Griinari (2001) recognized the central role of rumen
biohydrogenation in MFD and proposed that ‘““‘under certain dietary condi-
tions, the pathways of rumen biohydrogenation are altered to produce
unique fatty acid intermediates which are potent inhibitors of milk fat
synthesis.”” This is referred to as the “biohydrogenation theory” and results
have demonstrated that diet-induced MFD is generally correlated with the
level of trans-10, cis-12 CLA in milk fat (Bauman and Griinari, 2001;
Peterson et al., 2003; Piperova et al., 2004). Further, Bauman and Griinari
(2001) suggested that additional unique biohydrogenation intermediates that
inhibit fat synthesis may be produced under dietary conditions causing
MFD and recent work has offered further support for this idea (Perfield
et al., 2002; Peterson et al., 2003; Piperova et al., 2004). The level of trans-10
18:1 in milk fat is also highly correlated with the onset of diet-induced MFD,
but to date there have been no investigations establishing a direct effect of
this fatty acid (see discussion by Bauman and Griinari, 2003). Thus, at this
time, the trans-10, cis-12 CLA isomer is the only rumen biohydrogenation
intermediate shown to inhibit the synthesis of milk fat.

Recent investigations of the mechanism of diet-induced MFD indicate
that it involves a coordinated reduction in the abundance of mRNA for key
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Figure 3.5. Generalized scheme of ruminal biohydrogenation of linoleic acid under normal
conditions (solid line) and during diet-induced milk fat depression (dotted line). Adapted from
Griinari and Bauman (1999).
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enzymes involved in the pathways of milk fat synthesis (Piperova et al., 2000;
Ahnadi et al., 2002; Peterson et al., 2003). Thus, mechanisms appear to be
identical to those discussed earlier to explain the reduction in the production
of milk fat observed with dietary supplementation with trans-10, cis-12
CLA. Overall, diet-induced MFD represents a natural situation where the
production of trans-10, cis-12 CLA, and probably other unique biohydro-
genation intermediates in the rumen, results in a decrease in mammary
synthesis of fatty acids and a reduction in milk fat secretion. As knowledge
of the biology of CLA increases, comparisons with the physiology of diet-
induced MFD will continue to be of interest.

3.6.1.3. Use as a Management Tool

Dietary supplementation with CLA to reduce milk fat yield has
potential use as a management tool in milk production. Milk fat is the
major ““cost” of milk synthesis accounting for over one-half of the energy
needed for milk synthesis; consequently, a reduction in milk fat output will
result in a sparing of energy that can be used for other purposes. Commercial
situations where this could have application include markets where produc-
tion is regulated by a quota system based on milk fat, and nutritional
situations where cows cannot consume sufficient energy to meet their
requirements. Examples of the latter include the onset of lactation and the
early lactation period, and under adverse environmental conditions such as
heat stress or weather-related feed shortages (see Griinari and Bauman,
2003).

Commercial application of trans-10, cis-12 CLA as a management tool
requires a CLA formulation that must have two characteristics; it must offer
protection of the CLA from alterations by rumen bacteria and the CLA
must subsequently become available for absorption in the small intestine.
The majority of protection methods are pH-dependent and take advantage
of the transition occurring between rumen pH (~5.8 to 6.7) and pH of the
abomasum (~2 to 4). To date, the majority of research on rumen-protected
CLA has used supplements consisting of calcium salts of free fatty acids.
Perfield et al. (2002) used this formulation in the first long-term investigation
using cows in late lactation; they observed that the reduction in the produc-
tion of milk fat (23% decrease) was maintained over the 20 week treatment
period, whereas yields of milk and other milk components, maintenance of
pregnancy and cow well-being were unaffected. A consistent reduction in the
level of milk fat has also been observed in subsequent studies using calcium
salts of CLA over treatment periods ranging from 3 to 20 weeks involv-
ing primiparious and multiparious cows at different stages of lactation
and under different dietary and management practices (Giesy et al., 2002;
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Bernal-Santos et al., 2003; Moore et al., 2004; Piperova et al., 2004; Selberg
et al., 2004).

The preparation of dietary supplements containing CLA using other
methods of rumen-protection has been investigated less extensively compared
to calcium salts of CLA, but have included formulations where the protection
was by treatment with formaldehyde, the formation of amide bonds and lipid-
encapsulation (de Veth et al., 2003; Perfield et al., 2004b). The transfer of
trans-10, cis-12 CLA to milk fat offers a convenient method to evaluate the
effectiveness of rumen protection methods. While all methods resulted in a
reduction in the production of milk fat, transfer efficiency of trans-10, cis-12
CLA from rumen-protected supplements was much lower than the ~22%
transfer efficiency reported for investigations involving abomasal infusions
(de Veth et al., 2004). Thus, the CLA in these formulations is protected only
partially from rumen biohydrogenation and there is some indication that the
rumen metabolism of a portion of the dietary supplement of CLA may result
in the production of other fatty acids that are also able to inhibit milk fat
synthesis (Perfield ez al., 2002; Piperova et al., 2004). Additional aspects of the
potential application of dietary supplements of trans-10, cis-12 CLA as a
management tool are discussed by Griinari and Bauman (2003).

3.6.2. Rumenic Acid and Human Health
3.6.2.1. Cancer

Since the original discovers of the antimutagen properties of CLA
(Pariza et al., 1979; Ha et al., 1987), its anticarcinogenic effects have received
widespread interest. There are biomedical models for most types of cancer
and many of these have been used to investigate the role of CLA as an
anticarcinogen (see reviews by Scimeca, 1999; Belury, 2002; Banni et al.,
2003; Parodi, 2004). These include the use of human cancer cell lines,
transplanted cell lines and in situ organ site carcinogenesis models. The latter
are of particular value in cancer investigations and dietary supplements of
CLA have been shown to be effective in inhibiting chemically-induced skin
papillomas, fore-stomach neoplasia, and preneoplastic lesions and tumors in
the colon and mammary gland (see Parodi, 2004; Bauman et al., 2005). The
majority of studies have used a mixture of CLA isomers produced synthet-
ically from vegetable oil, typically containing 2 or 4 predominant isomers;
the 2-isomer mix contains almost equal proportions of RA and trans-10, cis-
12 CLA whereas the 4-isomer mixture also includes the trans-8, cis-10 and
cis-11, trans-13 isomers. The anticarcinogenic effect of CLA is particularly
impressive in studies on chemically-induced mammary cancer; dietary intake
of CLA gives a dose-dependent reduction in the incidence and number of
tumors (Ip et al., 1991) and is independent of the type or level of fat in the
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diet (Ip et al., 1991, 1994). Most impressive is the fact that feeding CLA
during the peripubertal period provided protection against mammary tumor
development even when the carcinogen was administered at a later time
(Thompson et al., 1997). Conversely, when rats received no CLA supple-
mentation until they were older and had mature mammary glands, the
protective effect was achieved only when CLA was fed continuously during
the tumor promotion period following administration of the carcinogen (Ip
et al., 1995).

The use of a functional food approach would have many advantages as
a strategy to prevent cancer. Since CLA is found predominately in dairy fats
in human diets, a series of studies have used the rat prepubertal mammary
cancer model to investigate the anticarcinogenic potential of CLA when
supplied as a naturally-enriched butter that was produced using dietary
regimes described in Section 3.5. As discussed in Section 3.4, the majority
of the RA in milk fat is synthesized endogenously from VA, and, as a
consequence, the levels of VA and CLA in milk fat generally approximate
a 3:1 ratio and change in concert (Bauman et al., 2003; Palmquist ef al.,
2005). Thus, the enriched butter is higher in both RA and VA. The initial
investigation established that RA was an effective anticarcinogen when it
was supplied as a dietary food in a natural form (esterified in triglycerides;
Table 3.3; Ip et al., 1999). Importantly, tissue concentrations of RA were
greater in rats fed the VA/R A-enriched butter than for rats fed a comparable
amount of chemically-synthesized RA, suggesting the possibility of endogen-
ous synthesis from VA. As discussed in Section 3.4.4, mammals possess a
A’-desaturase, and the ability to convert VA to RA has been demonstrated
for several species, including humans (Turpeinen et al., 2002; see also review
by Palmquist et al., 2005). In addition, Banni ef al. (2001) observed that
feeding rats increasing amounts of pure VA resulted in a progressive increase
in tissue concentration of RA, and a corresponding reduction in the number
of premalignant mammary lesions, an early marker for mammary tumors.
Subsequent investigations established that dietary VA derived from VA/RA-
enriched butter also resulted in a dose-dependent increase in the accumula-
tion of CLA in the mammary fat pad, which was accompanied by a parallel
decrease in tumor incidence and tumor number (Corl et al., 2003), and that
the anticarcinogenic effects of VA were predominately, perhaps exclusively,
mediated through its conversion to RA via A’-desaturase (Lock e al., 2004).
Therefore, VA and RA derived from milk fat are both anticarcinogenic and
this series of pre-clinical investigations clearly demonstrate the feasibility of
a functional food approach using dairy products enriched in VA and RA in
the prevention of mammary cancer.

Premalignant lesions and tumors grow when the rate of cell prolifer-
ation exceeds cell death, and investigations to date suggest that the
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Table 3.3. Bioassay of mammary cancer prevention in rats fed different sources
of conjugated linoleic acids*. Adapted from Ip et al. (1999)

CLA content (pg/mg lipid) Mammary tumors
Total CLA
Dietary treatment  in diet (%)  Plasma Mammary fat Incidence Total No.
Control butter 0.1 5.4% 7.2% 28/30% (93%) 92°
High CLA butter 0.8 23.3° 36.5° 15/30° (50%) 43°
Control butter & 0.8 18.4¢ 26.2° 16/30° (53%) 46°

synthetic CLA

* Dietary treatments were initiated at weaning and continued for 30 days. All animals were then injected with
methylnitrosurea (MNU) to induce mammary tumors and switched to a 5% corn oil diet with no CLA. They
remained on this diet for 24 weeks and were then sacrificed for tissue analysis. Values with unlike superscripts
in the same column (a, b, ¢) differ (P <0.05).

anticarcinogenic effects of CLA involve a multitude of mechanisms. These
include a decrease in cell proliferation, an increased rate of apoptosis,
inhibition of angiogenesis, modulation of the immune cell environment,
alteration in the eicosanoid signalling pathways and a possible antioxidant
role (see Belury, 2002; Banni et al., 2003; Ip et al., 2003). Particular mech-
anisms may vary in importance depending on the tissue-specific process
being regulated, and the opportunity to exploit the diversity in the mechan-
ism of action of CLA may form the basis for the range in tissues and cancer
types in which CLA is effective.

Evaluating the specific role of CLA in health maintenance and the
prevention of cancer in humans is difficult. Since cancer takes many years to
develop, documenting that dietary CLA 1is beneficial in health maintenance
and the prevention of this disease is a major challenge. Results, from
epidemiological studies gave conflicting results (Aro et al., 2000; Voorrips
et al., 2002; Chajes et al., 2003; McCann et al., 2004). This inconsistency is
not surprising. Dairy products are used in recipes for many manufactured
food products, and estimating CLA intake is further complicated by the fact
that CLA is a fatty acid and dairy products vary widely in fat content, milk
fat varies widely in CLA content, and analysis of RA is difficult and reported
values are often inaccurate (see reviews by Parodi, 2004; Bauman et al.,
2005). Another approach would be dietary interventions using biomarkers
as end points to predict reduced cancer risk, but to date there are no
consensus biomarkers for breast cancer and many other cancer types.
Clearly, assessing the role of dietary CLA in functional foods for the
prevention of cancer presents some unusual difficulties, and thus many of
the traditional approaches to evaluate human health effects have substantial
limitations.
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3.6.2.2. Atherosclerosis

Investigations of the effects of CLA on atherosclerosis are limited
compared with anticarcinogenic studies. A number of animal studies have
demonstrated that dietary supplementation with mixtures of CLA isomers
can reduce the development of atherosclerotic lesions (Lee et al., 1994;
Nicolosi et al., 1997; Kritchevsky et al., 2000; 2002; Wilson et al., 2000)
and even induce the regression of pre-existing lesions in rabbits (Kritchevsky
et al., 2000; 2004). However, one study, in the atherosclerosis-susceptible
C57BL/6 mouse, showed that CLA had no effect on atherosclerotic lesions,
and could even promote their development (Munday et al., 1999). Studies
with pure isomers recently demonstrated that RA and trans-10, cis-12 CLA
were equally effective in reducing cholesterol-induced atherogenesis in rab-
bits (Kritchevsky et al., 2004). Of particular significance is that RA induced
the regression of atherosclerotic lesions in the ApoE™ knockout mouse
(Toomey et al., 2003). This model has been used widely in studies of
atherosclerosis because it spontaneously develops lesions on a regular low-
fat, low-cholesterol diet with a histopathology similar to lesions that develop
in humans (Meir and Leitersdorf, 2004).

Changes in both total plasma cholesterol and individual lipoprotein
cholesterol concentrations have been implicated as major determinants of
the risk of atherosclerosis and this has led to a number of studies which
specifically investigated the effects of CLA on cholesterol and lipoprotein
metabolism in animal models. Most have used a synthetic source composed
of a mixture of CLA isomers, and results have been inconsistent with some
showing beneficial changes in blood lipid variables while others have shown
no effect (see Bauman et al., 2005). We recently completed a study using the
Golden Syrian hamster to examine the potential of CLA when fed as a
component of a functional food (VA/RA-enriched butter) as part of a diet
that was high in cholesterol (0.2%) and fat (20%). Compared with the control
animals, those fed the VA/R A-enriched butter showed a number of beneficial
effects, including reduced total plasma cholesterol and VLDL and LDL
cholesterol lipoproteins, suggesting that CLA may modify the production
of atherogenic lipoproteins by the liver (Lock et al., 2005b). In addition, the
VA/RA-enriched butter produced a less atherogenic profile than an equiva-
lent diet in which the VA/R A-enriched butter was replaced by trans fatty acids
from partially hydrogenated vegetable oil (Lock et al., 2005b). Consistent
with these findings, it has been proposed (McLeod et al., 2004) that RA could,
in the absence of other CLA isomers, improve hepatic lipid metabolism. This
may explain why VA/CLA-enriched butter elicited such impressive effects
compared to studies in which synthetic CLA isomer mixtures are used, since
naturally-derived sources of CLA provide essentially only RA.
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It is important to note that an elevated and/or altered plasma lipid level
is only one of a wide range of risk factors that contribute to the clinical
manifestations of cardiovascular disease in humans (Lusis, 2000). Conse-
quently, in some studies, the reduced incidence of atherosclerosis in animals
fed CLA was not accompanied by an improvement in the plasma lipid
profile during the CLA feeding phase (Wilson et al., 2000). Reasons for
these effects are not understood fully. However, atherosclerosis can also be
considered as a chronic inflammatory disease (Libby, 2002) and several
important anti-inflammatory effects have been associated with the use of
RA; these include a reduction in the expression of COX-2, PGE,, reduced
release of nitric oxide, a decreased production of pro-inflammatory cyto-
kines, and PPARy activation (Urquhart et al., 2002; Yu et al., 2002; Toomey
et al., 2003).

Since results from studies with biomedical models indicate potential,
there is of obvious interest in the effects of RA consumption in foods on the
risk of atherogenesis in humans. The use of surrogate biomarkers for disease
risk is more readily achievable for atherosclerosis than for cancer in humans
and a number of genetic and environmental risk factors have been identified,
with the relative abundance of the different lipoproteins being of primary
importance (Lusis, 2000). To date, there have been no epidemiological
studies that have examined the intake of CLA derived from foods with the
risk of atherosclerosis. However, as discussed in Section 3.6.2.1, the chal-
lenge of adequately evaluating the effect of dietary intake of CLA from
different food sources presents some special limitations.

Several human intervention studies involving dietary supplements of
CLA in the form of capsules have shown plasma lipid variables as secondary
observations, but most utilized mixed isomers of CLA and gave variable
results (see Bauman et al., 2005). However, two recent studies examined the
specific effects of RA on blood lipids in healthy subjects; a CLA supplement
containing a 50:50 mixture of RA and frans-10, cis-12 CLA significantly
improved plasma triacylglycerol and VLDL metabolism, with an 80:20 CLA
isomer blend (RA:trans-10, cis-12 CLA) significantly reducing the concen-
tration of VLDL-cholesterol, providing further evidence for the role of RA
in altering hepatic lipid metabolism (Noone et al., 2002). Utilizing pure CLA
isomers, it was observed that RA and trans-10, cis-12 CLA had opposing
effects on blood lipids in healthy humans; plasma triacylglycerol, total
plasma cholesterol, LDL-cholesterol and LDL:HDL-cholesterol were all
lower during supplementation with RA compared to frans-10, cis-12 CLA
(Tricon et al., 2004). A companion study showed that CLA isomers were
readily incorporated into plasma and cellular lipids to a similar extent and in
a dose-dependent manner (Burdge et al., 2004). Although these data are
limited, they provide support that some of the anti-atherosclerosis effects
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of CLA reported in animal models will extend to humans. As previously
mentioned, often in atherosclerosis studies utlizing animal models, the ben-
eficial effects did not involve alterations in plasma lipids. Thus, CLA studies
in humans that focus on the possible role of eicosanoid- and cytokine-related
effects could also be of importance.
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Intracellular Origin of Milk Fat
Globules and the Nature
of the Milk Fat Globule Membrane
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4.1. Introduction

In this chapter, we review what is known about the intracellular origin,
growth, cytoplasmic transit and secretion of the lipid globules of milk, and
the nature and intracellular origin of the milk fat globule membrane
(MFGM). Material found in the MFGM appears to originate from the
endoplasmic reticulum during the initial formation of the lipid droplet pre-
cursors of milk fat globules, and from post-Golgi membranes, including the
apical plasma membrane, during the secretion of lipid droplets from the cell.
Milk fat globules constitute 95%, by weight, of the lipids in cow’s milk, of
which more than 98% comprise triacylglycerols. The remainder of the mass of
fat globules is composed of diacylglycerols, sterols, sterol esters, phospho-
lipids, glycosphingolipids, and proteins associated with the droplet surface.
In writing this chapter we have emphasized findings since the previous
edition of this book was published in 1994. Much of the new information
gained in this area concerns the proteins of the MFGM. Since the previous
edition, there have been few additional studies on intracellular aspects of
milk lipid globule formation and on the composition of the MFGM. For
those interested in earlier literature and coverage of historical aspects of
research on milk lipid globules, the comprehensive review by Brunner (1974)
and later reviews (Anderson and Cawston, 1975; Patton and Keenan, 1975;
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McPherson and Kitchen, 1983; Keenan et al., 1988; Mather, 1987; Keenan
and Dylewski, 1995; Keenan and Patton, 1995; Mather and Keenan, 1983,
1998) are recommended.

Much of the information we have presented on MFGM has been
learned through studies of cows’ milk. Milk fat globules and MFGM from
other species, notably from humans, have been subjects of increasing study
over the past 20 years. Herein, we discuss information gained from other
species only where equivalent information for the cow is not available, or
where information from other studies is contradictory to, or confirmatory
of, what is believed about cows’ milk. Extensive information about human
milk fat globules can be found in books edited by Jensen (1995) and New-
burg (2001).

4.2. |Intracellular Origin and Growth of Milk Fat Globules

The membrane surrounding milk lipid globules essentially is a tripartite
structure that originates from the apical plasma membrane, from the endo-
plasmic reticulum and possibly from other intracellular compartments. That
portion of the MFGM originating from apical membranes, termed the
primary membrane, has a typical bilayer appearance and electron-dense
coat material on the inner face (Figure 4.1). The material derived from the
endoplasmic reticulum has the appearance of a monolayer of proteins and
polar lipids that covers the triacylglycerol-rich core lipids of the globule
before secretion (Figure 4.2). This coat material compartmentalizes the
core lipids within the cell and may participate in the intracellular fusion of
droplets with each other. Constituents of this coat also may be involved in
the interaction of droplets with the plasma membrane during the process of
secretion.

Small lipid droplets that are the intracellular precursors of milk lipid
globules appear to accumulate at focal points on or in the endoplasmic
reticulum membrane (Dylewski ez al., 1984a; Zaczek and Keenan, 1990).
Several studies suggest that the lipids, presumed to be primarily triacylgly-
cerols, accumulate between the outer and inner halves of the bilayer and are
then released into the cytosol as droplets coated with the cytoplasmic half of
the endoplasmic reticulum membrane (Patton and Keenan, 1975; Zaczek
and Keenan, 1990; Keenan et al., 1992; Mather and Keenan, 1998). Storage
lipid droplets in adipocytes and other cells also appear to be released from
the endoplasmic reticulum into the cytosol in like manner (Murphy and
Vance, 1999; Murphy, 2001). Using a cell-free system, Keenan et al. (1992)
showed that lipid droplets are released from mammary gland endoplasmic
reticulum bound to nitrocellulose membrane and that these droplets in
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Figure 4.1. Electron micrograph of a milk fat globule showing the nature of the surrounding
membrane. The membrane has a typical bilayer appearance and densely staining material
coating the inner face. Bar = 0.1 um. Reproduced from Keenan er al. (1988) with permission.
Micrograph courtesy of W.W. Franke.

morphology and composition resemble droplets formed in situ. Using a
proteomics approach to identify proteins associated with cytosolic lipid drop-
lets, Wu et al. (2000) obtained evidence consistent with the interpretation that
lipid droplets in milk originate from the endoplasmic reticulum.

Milk lipid globule precursors are present in the cytosol as droplets
ranging in diameter from less than 0.5 to more than 4 pm (Dylewski ez al.,
1984a; Deeney et al., 1985). These precursors appear to originate as small
droplets, with diameters under 0.5 wm, termed microlipid droplets. Droplets
grow in volume by fusing with each other, giving rise to larger droplets,
termed cytoplasmic lipid droplets (Figure 4.3). In a cell-free system, droplet
fusion was promoted by calcium and by an, as yet, uncharacterized high
molecular weight protein fraction from cytosol. Gangliosides appear to be
involved in this fusion in some manner (Valivullah ez al., 1988). While small
droplets fused readily, larger cytoplasmic lipid droplets did not fuse in the
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Figure 4.2. Electron micrograph showing a cytoplasmic lipid droplet (cld) in a cell fixed with
potassium ferrocyanide. Dark-staining material of variable thickness coats the surface of the
droplet (arrows). The alveolar lumen (1) is denoted. Bar = 1 pm. From Dylewski ez al. (1984a)
with permission.

cell-free system. The reasons for this are not apparent but may be related to
some compositional differences between the coat material on micro-plasmic
and cytoplasmic lipid droplets (Dylewski et al., 1984a; Deeney et al., 1985).
Droplets of all sizes have a triacylglycerol-rich core surrounded by a protein
and polar lipid coat. In composition, the protein and polar lipid material
surrounding both micro-plasmic and cytoplasmic lipid droplets is similar but
not identical.

While available evidence supports the view that an increase in the
volume of lipid droplets occurs through fusion of lipid droplets, it is by no
means certain that this is the only mechanism supporting droplet growth.
Other possibilities include, e.g., growth via lipid transfer proteins that con-
vey triacylglycerols from their site of synthesis to lipid droplets (Patton,
1973). Some 4% or more of the total lipid in lactating rat mammary gland
is found in the cytosol and much of this complement of cytosolic lipid is
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Figure 4.3. Electron micrograph showing a cytoplasmic lipid droplet (cld) and numerous
microlipid droplets, some of which are denoted by arrows. An apparent fusion figure between
the cld and a microlipid droplet is denoted by the arrow on the right. The specimen was fixed
simultaneously with glutaraldehyde and osmium tetroxide. Bar = 0.5 pm.

associated with the fatty acid synthase complex (Keon ez al., 1993). In a cell-
free system, fatty acid synthase was able to transfer lipids to microlipid
droplets and to the endoplasmic reticulum (Keon et al., 1993, 1994).
Whether this transfer occurs in cells and supports droplet formation or
growth remains to be determined. Further, whether droplet growth is purely
random or is a regulated process is unknown. Monomeric GTP-binding
proteins known to be involved in vesicular interactions, arf, rab 3a, and
rab la or b, are associated with lipid droplets (Ghosal et al., 1993; T. W.
Keenan, unpublished). This suggests the possibility that fusion may be
regulated but this remains to be tested experimentally.
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4.3. Intracellular Transit of Lipid Droplets

Lipid droplets migrate from their sites of origin, mostly in basal cell regions,
to the apical pole of the cell, from whence they are secreted as milk lipid
globules. Details of the guiding mechanism of this migration remain specu-
lative but it is probable that cytoskeletal elements are involved. Droplets
appear to transit exclusively toward the apical cytoplasm and bypass the
supranuclear secretory cone formed by interconnected dictysomes of the
Golgi apparatus (Dylewski et al., 1984b). However, there is no morpho-
logical evidence for specific contacts between lipid droplets and elements of
the cytoskeleton.

Microtubules are abundant in milk-secreting cells (Nickerson
and Keenan, 1979) and, in guinea pigs, the tubulin content of mammary
epithelial cells increases substantially during late pregnancy and the first
half of lactation (Guerin and Loizzi, 1980). Attempts to interfere with
microtubule assembly using colchicine and vinblastine have yielded contra-
dictory results. Intramammary infusion of colchicine into lactating
goats reversibly suppressed milk secretion (Patton, 1974). Colchicine
did not appear to alter the rate of lipid synthesis in goats and, in treated
glands, lipid droplets were larger than those in the contralateral untreated
gland (Patton et al., 1977). However, in the foregoing and in other studies,
secretion of the serum phase of milk was suppressed also (Henderson
and Peaker, 1980; Nickerson et al., 1980). Addition of colchicine to
tissue slices from lactating sheep and rabbits inhibited protein secretion
but had no apparent effect on lipid secretion (Daudet et «l., 1981). In
one study, intramammary infusion of colchicine into goats was found to
suppress mammary extraction of constituents from serum and to suppress
the rate of milk synthesis as well (Henderson and Peaker, 1980). Based
on these, in part, disparate observations, and on the potential non-specific
effects of colchicine and vinblastine (discussed in Mather and Keenan,
1983, 1998), we cannot ascribe a specific role to microtubules in milk fat
secretion.

Actin-containing microfilaments are abundant in milk-secreting cells
and are concentrated in apical cell regions (Amato and Loizzi, 1981). No actin
staining was observed on luminal aspects in regions where fat droplets were in
close apposition to the apical plasma membrane (Franke et al., 1981). How-
ever, actin has been localized by immunofluorescence microscopy in the
cytoplasmic surface along basal regions of budding lipid droplets. This ob-
servation raises the possibility that filamentous actin may form part of a
contractile apparatus that functions in lipid secretion (Keenan ez al., 1988),
a possibility that has yet to be investigated. Recently, and in contrast to a
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previous finding (Keenan et al., 1977), actin has been identified,
immunologically, as a constituent of the MFGM (Heid and Keenan, 2005).

4.4. Secretion of Milk Fat Globules

Lipid droplets are secreted enveloped by cellular membranes. As first recog-
nized by Bargmann and Knoop (1959), lipid droplets approach closely to, or
contact, the apical surface and are gradually enveloped in membrane up to
the point at which they dissociate from the cell, surrounded by plasma
membrane (Figure 4.4; mechanism a, Figure 4.5). This is the widely-accepted
mechanism of milk fat globule secretion (Patton and Keenan, 1975; Mather
and Keenan, 1983, 1998; Keenan et al., 1988; Keenan and Patton, 1995).
Wooding (1971a, 1973) and others (Kralj and Pipan, 1992) obtained mor-
phological evidence for an alternative mechanism based on an observed
association between lipid droplets and secretory vesicles in apical cell regions

Figure 4.4. Electron micrograph showing two small lipid droplets (arrows) which, apparently,
were in the process of being secreted. These droplets are partly enveloped in what appears to be
plasma membrane in the apical cell region. Bar = 1 wm. From Deeney et al. (1985) with
permission.
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Figure 4.5. Diagrammatic summary of what is known about the intracellular origin, growth,
and secretion of milk fat globules. (a) Secretion of a milk fat globule by envelopment in apical
plasma membrane. (b) As originally proposed by Wooding (1971a), under certain conditions
secretory vesicles may surround fat droplets and fuse together to form a vacuole containing the
fat droplet. Presumably, these vacuoles are transported to the apical surface where the vacuolar
contents are released by exocytosis. (c) Secretion of the serum (non-fat) phase of milk by
compound exocytosis. (d) Secretion of the serum phase of milk by simple exocytosis. (¢) A
possible but as yet undocumented combination of apical plasma membrane and secretory vesicle
membrane mechanisms for secretion of fat globules. Abbreviations: CLD, cytoplasmic lipid
droplet; CM, casein micelle; ER, endoplasmic reticulum; Ga, Golgi apparatus; MLD, microlipid
droplet; MFG, milk fat globule; N, nucleus; SV, secretory vesicle.

(see also Franke and Keenan, 1979; Stemberger ef al., 1984). Wooding
(1971a, 1973) proposed that progressive fusion of neighboring vesicles on
the surfaces of lipid droplets may lead to the formation of intra-cytoplasmic
vacuoles containing both casein micelles and lipid droplets enveloped with
secretory vesicle membrane (mechanism b, Figure 4.5). The content of such
vacuoles may then be released from the cell by exocytosis. Wooding (1973)
suggested that vacuole formation may occur in vivo at certain stages of the



Origin of Milk Fat Globules and the Nature of the Milk Fat Globule Membrane 145

secretory cycle, although these observations were made with specimens that
may have been fixed for microscopic examination under less than optimal
conditions.. Kralj and Pipan (1992) provided evidence suggesting that vacu-
olar lipid secretion may be common both during the parturient period and
when milk secretion is inhibited temporarily.

By virtue of their static nature, electron micrographs provide no infor-
mation on the kinetics of secretion. Just the process of fixation may provoke
a temporary decrease in secretory events and a consequent accumulation of
lipid droplets and secretory vesicles in cells before they succumb to the
fixative agent. Such crowding in the apical cytoplasm could well lead to
promiscuous associations and interactions that are unrelated to normal
secretory processes (Mather and Keenan, 1998).

Contributions to the MFGM from the apical plasma membrane and
secretory vesicle membrane could be assessed by direct biochemical compar-
isons of these membranes isolated from mammary homogenates. However,
technical challenges inherent to the isolation of secretory vesicle and apical
plasma membrane have yet to be overcome. Well-characterized apical
plasma membrane preparations from mammary gland have not been forth-
coming; preparations of plasma membranes from this source are enriched in
baso-lateral membrane fragments and may contain plasma membranes from
other cell types (Keenan et al., 1970, 1989). Nevertheless, comparisons of
plasma membranes isolated from mammary gland with MFGM show these
membranes to be similar in polar lipid composition and some protein
constituents (Keenan et al., 1970, 1989). Secretory vesicles from the mam-
mary gland are osmotically fragile and have proven difficult to isolate.
Preparations that have been described differ substantially from the
MFGM (Sasaki et al., 1978; Keenan et al., 1979). However, these prepar-
ations appear to be enriched in immature vesicle membranes, which may
have a different composition from the membranes of mature secretory
vesicles. Based on these considerations, no realistic interpretations about
the plasma membrane or secretory vesicle membrane origin of MFGM can
be made from the extant biochemical data (Mather and Keenan, 1998).

Available cytochemical evidence favors plasma membrane envelopment
as the principal mechanism for the secretion of milk fat globules. Butyrophilin
(BTN), a major integral membrane protein of milk fat globules, is expressed
on the apical plasma membrane (Franke et al., 1981) and appears to be
concentrated in areas of the membrane associated with budding lipid droplets
(Mather, 1987). By immunoperoxidase labeling, BTN was not detected on
intracellular membranes (Franke ez al., 1981). The MUCI mucin also is
concentrated in apical regions of the plasma membrane and in MFGM
(Johnson and Mather, 1985; Mather et al.,2001). In contrast, secretory vesicle
membranes contain only about 10% of the amount of MUCI estimated, by
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immunogold labelling, to be associated with apical plasma membrane and the
MFGM. These observations make it unlikely that substantial portions of
the MFGM originate from secretory vesicle membranes. Finally, more than
80% of the total number of fat globules in cows’ milk are less that 1 wm in
diameter (Mulder and Walstra, 1974), a size incompatible with the direct
involvement of mature secretory vesicles in the secretion of these small glob-
ules. Morphological evidence suggests that these small globules are secreted
by envelopment with plasma membrane (Figure 4.4).

During the budding of lipid droplets from the apical surface, a uniform
distance of 10 to 20 nm is maintained between the outer surface of the
droplet and the cytoplasmic face of the plasma membrane (Wooding,
1971a). This intervening space appears in micrographs to be filled with an
electron-dense material that may originate from the cytoplasm or from the
inner face of the apical plasma membrane. During secretion, this material is
most likely carried over into milk fat globules and gives rise to the charac-
teristic coat visible as a fuzzy, amorphous layer on the inner face of the
MFGM isolated from cream (Wooding and Kemp, 1975; Freudenstein et al.,
1979) (Figure 4.6). The origin and nature of this material was the subject of
much speculation, primarily because understanding its origin and nature
appeared to be a key towards understanding the mechanism for milk fat

Figure 4.6. Electron micrograph of MFGMs which were released from washed milk fat
globules by churning and collected by ultracentrifugation. These membranes occur mostly as
sheets and show little tendency to vesiculate. Membranes retain the dense-staining protein coat
material that originally was oriented toward the globule interior. Bar = 0.2 pm.
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globule secretion. Studies using various extractants established that the
MFGM coat was primarily proteinaceous in nature (Wooding and Kemp,
1975; Freudenstein et al., 1979) and freeze-etch micrographs have shown
that it exists in a paracrystalline hexagonal array with long-range order
(Wooding, 1977; Buchheim, 1982).

Recent work on the characterization of proteins of the MFGM has
done much to reveal the nature of this coat material. From a consideration
of protein topologies and protein-protein interactions, it is likely that the
protein coat comprises the cytoplasmic tail of BTN, a type 1 transmembrane
glycoprotein, the peripheral protein xanthine dehydrogenase/oxidoreductase
(XDH), and the intracellular lipid-droplet-associated protein adipophilin
(ADPH, known also as adipocyte differentiation-related protein or ADRP)
(for reviews, see Mather and Keenan, 1998; Mather, 2000). There is sub-
stantial evidence that BTN and XDH interact directly with each other. In
cows, these two proteins are expressed in constant molar proportions
throughout lactation (Mondy and Keenan 1993) and they can be covalently
bound to each other by bifunctional cross-linking reagents (Valivullah and
Keenan, 1989). The cytoplasmic tail of BTN, expressed as a recombinant
fusion protein in E. coli, specifically binds to XDH in vitro (Ishii et al., 1995).
XDH can be released from the MFGM by the reduction of disulfide
bonds (Spitzberg and Gorewit, 1998) and proteins in the detergent-insoluble
membrane coat complex can be dissociated by exogenous thiol reagents
(LH. Mather and T.W. Keenan, unpublished). This suggests that inter-
actions between XDH and BTN are promoted, or stabilized, by disulfide
bonds.

Direct evidence that XDH and BTN are essential for normal milk lipid
secretion has recently been provided by the use of gene-targeting techniques
(Vorbach et al., 2002; Ogg et al., 2004). Heterozygous mice with one ablated
XDH allele (Xdh*/~) displayed deficiencies in lipid secretion with conse-
quent accumulation of lipid within mammary epithelial cells. The milk of
these animals is characterized by the presence of large lipid droplets with
disrupted membranes. Lactation in mice with both XDH alleles ablated
(Xdh=/~) could not be studied because such mice did not survive beyond
six weeks of age (Vorbach et al., 2002). The same phenotype was observed in
mice in which BTN expression was either disrupted or eliminated (Ogg et al.,
2004). We propose that interactions between a BTN/XDH complex and
other proteins on the intracellular lipid droplet surface mediate interactions
between lipid droplets and membrane (Mather and Keenan, 1998). Since
XDH is a homodimer, binding to BTN may initially induce the formation of
BTN dimers which could further aggregate through adhesive interactions to
form large complexes of the type observed in freeze-etch micrographs.
Alternatively, BTN may first self-aggregate in the plane of the membrane
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bilayer and bind to XDH homodimers (A. Rao and 1.H. Mather, unpub-
lished observations). Such protein-protein interactions could well explain the
progressive envelopment of lipid droplets by plasma membrane, although
this remains speculative. Disulfide bond formation also may play a role,
since protein disulfide isomerase has been identified as a constituent protein
of intracellular lipid droplets (Ghosal et al., 1994; Wu et al., 2000) and, as
discussed above, XDH can be released from the MFGM by thiol reagents.

That other proteins are associated with the MFGM coat is probable,
particularly proteins associated with the surface of intracellular lipid drop-
lets. However, several of the proteins identified as being associated with
intracellular lipid droplets (Wu et al., 2000) have yet to be identified as
constituents of the MFGM coat. Two proteins associated with intracellular
lipid droplets, protein disulfide isomerase (Ghosal et al., 1994) and the
nuclear coactivator protein pl00 (Keenan ez «l., 2000) are absent from
MFGM preparations. Thus, there apparently is some selectivity in which
of the proteins associated with intracellular lipid droplets are secreted.

The mechanisms controlling milk fat secretion remain unknown. Pro-
tein kinases may be implicated because the release of lipid from primary
cultures of rat mammary epithelial cells was stimulated by protein kinases
(Rohlfs et al., 1993; Spitsberg and Gorewit, 1997) or phosphatases (review,
Keenan et al., 1988) are associated with MFGM preparations. CD36, a
component of the MFGM, may associate with src family protein kinases
in a number of cell types and play some role in intracellular signalling
(Greenwalt et al., 1992). That monomeric GTP-binding proteins of the
type known to be involved in vesicle-membrane interactions are associated
with intracellular lipid droplets and the MFGM suggests a potential regu-
latory function for G-proteins in milk fat secretion, particularly since a non-
hydrolyzable analogue of GTP was shown to stimulate fat secretion from
permeabilized rat mammary acini (Ghosal et al., 1993). However, due to
lack of any specific information, the control or regulation of milk fat
secretion remains an area purely of speculation. What currently is known
about the origin, intracellular growth, and secretion of milk fat globules is
summarized in Figure 4.5.

During the secretion process, milk fat globules usually are enveloped
compactly by membrane but in some instances closure of the membrane
entrains some cytoplasm between the membrane and the fat droplet surface.
The result is an extracellular fat globule with a so-called signet or crescent of
cytoplasm attached (Figure 4.7). These crescents can vary from thin slivers
of cellular material to large inclusions that exceed the volume of the fat
globule core. Wooding (1977), in his alternative scheme for fat globule
secretion, suggested that crescents originate from the trapping of cytoplasm
as secretory vesicles fuse around the droplets during vacuole formation.
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Figure 4.7. Electron micrograph of a milk fat globule in the alveolar lumen that has a large
cytoplasmic crescent entrained between the globule and the surrounding membrane. This
crescent contains secretory vesicles, ribosome-studded vesicles of apparent endoplasmic reticu-
lum origin, and an abundant amount of particulate material. Bar = 2 um.

Huston and Patton (1990) suggested that an abnormality in the protein coat
along the cytoplasmic face of the apical plasma membrane may be respon-
sible for the phenomenon of crescent formation. Inadequate amounts of
proteins forming this coat or abnormalities in the distribution of the coat
complex may interfere with adhesion of the membrane to the droplet.

Crescents have been observed, morphologically, to contain nearly all
intracellular membranes and organelles of the milk-secreting cell, except
nuclei. The proportion of globules with crescents appears to vary both
between species and in individuals within a species. Between 1 to 5% of the
globules in goat and guinea pig milks and about 1% of the globules in cows’
milk were observed to contain crescents (Wooding et al., 1970; Huston and
Patton, 1990). Janssen and Walstra (1982) measured the quantity of cresent
material in the milk of cows, goats, rats, pigs, sheep, rabbits, and humans
and found that cows have the lowest, and rabbits have the highest, quantity
of fat globule-associated crescent material. In humans, Patton and Huston
(1988) found a diurnal variation in crescent frequency.

Gaining an understanding of the molecular mechanism of crescent
formation would advance our understanding of the process of milk fat
globule secretion. Crescents are a route by which cellular constituents can
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enter milk. This may be a route for the entry of bioactive molecules such as
hormones or growth factors into milk.

4.5. Isolation and Gross Composition of MFGM

Some of the membrane that initially surrounds fat globules is lost following
secretion, either within the mammary gland or in expressed milk (Wooding,
1971b, 1974). Estimates of the extent of this loss vary considerably (Mather
and Keenan, 1983). That changes occur also in MFGM after secretion is
probable, but there are few quantitative data available on these changes.
Clearly, the manner in which milk is collected and handled also may cause
loss and compositional alteration of the MFGM, i.e., the nature of the
MFGM as isolated and studied may not necessarily reflect the membrane as
it was when fat globules were secreted initially (for review, see Evers, 2004).

Membranes can be released from fat globule suspensions by several
methods, including churning (agitation), freezing and thawing, treatment
with detergents, or by suspension in polar, aprotic solvents. Once released,
MFGM can be collected readily by centrifugation at a high centrifugal force
or, after inducing membrane aggregation, at a lower force. Details of these
methods and the effects of the preparative method on the composition of the
resultant MFGM have been reviewed and will not be repeated here (Keenan
et al., 1988; Keenan and Dylewski, 1995).

Information on the gross composition of MFGM is summarized in
Table 4.1. Proteins and lipids account for 90%, or more, of the dry weight
of the MFGM. However, reported amounts of the total membrane weight

Table 4.1. Gross composition of bovine MFGM*

Constituent class Unit Amount
Protein weight % 25-60
Total lipids mg/mg protein 0.5-1.1
Phospholipids mg/mg protein 0.13-0.34
Neutral lipids mg/mg protein 0.25-0.88
Glycosphingolipids pg/mg protein 13°
Hexoses pg/mg protein 108
Hexosamines pg/mg protein 66

Sialic acids pg/mg protein 20
Glycosaminoglycans pg/mg protein 0.1

RNA pg/mg protein 20

% From data compiled and reviewed in Keenan et al. (1988) and Keenan and Dylewski (1995).
® Calculated assuming average molecular weights of neutral glycosphingolipids and gangliosides of 850 and
1470 Da, respectively.
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accounted for by proteins and specific lipids vary considerably. In particular,
there is wide variation in reported values for neutral lipid, generally measured
so as to include sterols and steryl esters, unesterified fatty acids, and mono-
acylglycerols, diacylglycerols and triacylglycerols. Much of this reported
variation is undoubtedly due to methodological differences in membrane
preparation. Hexoses, hexosamines and sialic acids in the MFGM appear to
be bound exclusively covalently to proteins and glycophingolipids. MFGM,
like plasma membrane, is enriched in glycosphingolipids.

Several workers have detected RNA in MFGM preparations. Swope
and Brunner (1965) estimated that bovine MFGM contains about 20 g of
RNA per mg protein. Jarasch et al. (1977) measured about the same amount
of RNA but were able to reduce this amount to about 10 wg/mg protein by
extraction of MFGM with high ionic strength buffers. This RNA may
originate from ribosomes associated with the surface of lipid droplets within
the cell (Dylewski et al., 1984a), or it may be from fragments of endoplasmic
reticulum or ribosomes trapped in cytoplasmic crescents. DNA has not been
found in MFGM preparations (Jarasch et al., 1977). Why glycosaminogly-
cans, normal basement membrane constituents, are found in the MFGM
remains to be explained. Hyaluronic acid, chondroitin sulfate and heparin
sulfate have been identified as constituents of glycosaminoglycan fractions
from MFGM (Lis and Monis, 1978; Shimizu et al., 1981).

4.6. Lipid Composition of the MFGM

Triacylglycerols usually are the most abundant lipid class found in MFGM
(Table 4.2) but the preparative method has a major influence on the amount
in individual preparations, probably because variable quantities of triacyl-
glycerols remain associated with the membrane during isolation. MFGM-
associated triacylglycerols contain higher proportions of palmitate and
stearate (i.e., long-chain fatty acids with relatively high melting points)
than do triacylglycerols of the core fat. However, MFGM was not enriched
in high-melting point triacylglycerols when membranes were isolated from
fat globules destabilized at an elevated temperature (Vasic and DeMan,
1966; Bracco et al., 1972). Walstra (1974) suggested that high-melting
point triacylglycerols originate from fat crystals that adhere to the mem-
brane during cooling and churning. Most triacylglycerols are assumed to be
associated with the cytoplasmic face of the MFGM, i.e., with the region in
contact with the globule core; the outer face of milk fat globules appears to
contain little neutral lipid (Newman and Harrison, 1973).
Monoacylglycerols and diacylglycerols may be genuine membrane
constituents or may be products of lipolysis. Unesterified fatty acid levels
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Table 4.2.

T.W. Keenan and I.H. Mather

Lipid composition of bovine MFGM*

Constituent class
Triacylglycerols

Proportion of total lipids (%)
62

Diacylglycerols 9
Monoacylglycerols Traces
Sterols 0.2-2
Sterol esters 0.1-0.3
Unesterified fatty acids 0.6-6
Hydrocarbons 1.2
Phospholipids 26-31
Constituent class Proportion of total phospholipids (%)
Sphingomyelin 22
Phosphatidylcholine 36
Phosphatidylethanolamine 27
Phosphatidylinositol 11
Phosphatidylserine 4
Lysophosphatidylcholine 2

% From data compiled in Patton and Keenan (1975), Keenan et al. (1988) and Dylewski and Keenan (1995).

in the MFGM vary widely between preparations and, again, they may
originate by lipolysis. There is extensive variation in the amount of sterols,
principally cholesterol, reported to occur in the MFGM. Given the probable
plasma membrane origin of the primary MFGM and the fact that plasma
membranes are enriched in cholesterol (van Meer, 1989), it is not surprising
that the MFGM contains abundant cholesterol. Cholesterol accounts for
over 90% of the total sterols in cows’ milk (Blanc, 1981); other sterols have
been identified but it is not clear whether they are components of the
MFGM.

Of the total phospholipid pool in milk, about 60% occurs in the
MFGM; the remainder is found primarily associated with the membrane
fraction in skim milk (Huang and Kuksis, 1967; Patton and Keenan, 1971).
Phospholipids of the fat globule are recovered nearly quantitatively with the
MFGM when globules are destabilized at 40°C. The same five major phos-
pholipids present in bovine MFGM (Table 4.2), are found also in the milk or
MFGM from several other species with a similar pattern of distribution (for
review, see Keenan and Dylewski, 1995). The phospholipid distribution
pattern of the MFGM is similar to that of plasma membranes from mam-
mary gland in that the sphingomyelin to phosphatidylcholine ratio is higher
than that of intracellular membranes (Keenan ez al., 1970, 1988; Kanno,
1990). Lyso-derivatives of phosphatidylcholine and phosphatidylethanol-
amine are found in the MFGM but in minor amounts in samples handled
so as to minimize lipolysis. The proportions of the various phosphoglyceride
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classes present in the MFGM as alkyl or alkenyl ethers has not been
determined.

The distribution and fatty acid composition of phospholipids in skim
milk are similar to those in the MFGM. This has led to the suggestion that
these membrane-associated constituents originate from a common cellular
source and that the skim milk membranes, which contain much of the skim
milk phospholipid pool, may be shed MFGM (for review, see Keenan and
Dylewski, 1995). This assumption remains to be tested critically.

Glycosphingolipids are relatively minor constituents of bovine
MFGM (Table 4.1) but they have been studied widely because of the
known roles of glycosphingolipids and some of their breakdown products
in a number of biological phenomena such as growth regulation through
modulation of protein kinases and phosphatases (Merrill, 2002; Smith and
Merrill, 2002). Bovine MFGM contains two neutral glycosphingolipids,
glycosyl-ceramides and lactosyl-ceramides, in nearly equimolar proportions.
Neutral glycosphingolipids with more complex carbohydrate chains have
not been detected. Nine gangliosides (glycosphingolipids containing at least
one molecule of sialic acid) in bovine MFGM have been characterized
structurally. The two major gangliosides in bovine MFGM are GD3 and
GM3 (nomenclature of Svennerholm, 1963); the other seven gangliosides, in
total, account for about 20% of the ganglioside content of the MFGM (for
reviews, see Jensen and Newburg, 1995; Keenan and Patton, 1995).

4.7. Enzymes Associated with the MFGM

To date, about 28 different enzymes or enzymatic activities have been
detected in MFGM preparations from cows’ milk (Table 4.3). Since the
compilation in the previous edition of this book (Keenan and Dylewski,
1995), protein kinase activity that phosphorylates some MFGM proteins has
been identified in MFGM preparations (Spitsberg and Gorewit, 1997). The
NADH oxidase of MFGM, originally identified by its ability to reduce
cytochrome ¢ and ferricyanide (Jarasch et al., 1977; Bruder et al., 1978,
1982), was recently shown to have an activity that oscillates with a period
of 24 min (Morr¢ et al., 2002).

Some of the enzymes of the MFGM, such as 5'-nucleotidase, adeno-
sine triphosphatase and phosphodiesterase I, are known to be enriched in
plasma membranes. However, other enzymes found in the MFGM are
known constituents of intracellular membranes or are cytosolic. Why some
of these are present in the MFGM remains to be explained; some may
possibly originate from material entrained in cytoplasmic crescents and
therefore are not true MFGM constituents. Perhaps some enzymes become
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Table 4.3. Enzymatic activities found in bovine MFGM*

Enzymatic activity® EC number
Xanthine oxidoreductase 1.2.3.2
Lipoamide dehydrogenase 1.6.4.3
NADPH oxidase 1.6.99.1
NADH oxidase 1.6.99.3
Sulfhydryl oxidase 1.8.3.2
Catalase 1.11.1.6
v-Glutamyl transpeptidase 2321
Galactosyl transferase 24.1._
Protein kinase(s)® 2.7.1._
Cholinesterase 3.1.1.8
Alkaline phosphatase 3.1.3.1
Acid phosphatase 3.1.32
Phosphatidic acid phosphatase 3.1.34
5'-Nucleotidase 3.1.3.5
Glucose-6-phosphatase 3.1.3.9
Phosphodiesterase 1 3.14.1
UDP-glycosyl hydrolases 3.2.1
B-Glucosidase 3.2.1.21
B-Galactosidase 3.2.1.23
Hexosaminidase® 3.2.1.52
Plasmin 3.4.21.7
Inorganic pyrophosphatase 3.6.1.1
Adenosine triphosphatase 3.6.1.3
Thiamine pyrophosphatase® 3.6.1.6
Nucleotide pyrophosphatase 3.6.1.9
Aldolase 4.1.2.13
Acetyl-CoA carboxylase 6.4.1.2

@ Primary references are compiled in Keenan ez al. (1988), Keenan and Dylewski, (1995) and Mather (2000).
® Enzymes are listed by their common names.

¢ Spitsberg and Gorewit (1997).

4 Kitchen et al. (1978).

¢ Sasaki et al. (1978).

f Enzymatically inactive (Shriver et al., 1989).

adsorbed on the surface of lipid droplets intracellularly and are thus fortuit-
ously associated with secreted fat globules. Several of the enzymes associated
with the MFGM have been purified and at least partially characterized; this
information has been reviewed by Keenan et al. (1988).

Studies on the functional significance of MFGM-associated enzymes
have been restricted largely to their involvement in degradative events that
affect processing properties or flavor, or for their use as markers of adequate
pasteurization. Obviously, enzymes that can produce product defects are
of great concern to the dairy industry. Unfortunately, the biological roles
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in fat globule formation or secretion, if any, of MFGM-associated enzymes
are unknown.

4.8. Proteins of the MFGM

This area of MFGM research has advanced considerably since the previous
edition of this book (Keenan and Dylewski, 1995). Some heretofore unrec-
ognized MFGM proteins have been identified, the sequences of the major
proteins have been determined, mostly via cDNA sequencing, and a function
has been ascribed to some proteins. Much of the knowledge in this area has
been reviewed extensively (Mather, 2000). Herein, we will provide a sum-
mary of this information but will not include sequences. Appropriate data-
bank accession numbers are given for those MFGM proteins that have been
sequenced. The major proteins of bovine MFGM, for which the sequence
has been determined, are the epithelial mucins MUC1 and MUCIS5, Xan-
thine oxidoreductase (XDH), cluster of differentiation 36 (CD36), butyro-
philin (BTN), adipophilin (ADPH; this protein is known also as adipocyte
differentiation-related protein), periodic acid Schiff glycoprotein 6/7 (PAS6/
7), and fatty acid-binding protein (FABP) (Figure 4.8). The nomenclature
used herein will be largely that recommended by Mather (2000). This latter
article also lists other names used for the major MFGM proteins.

The MFGM of cow, and of most other ruminants, rodent and primate
species that have been analyzed, contain one or more heavily-glycosylated
mucin-like glycoproteins which stain well with the PAS reagent, variably
with a modified silver stain, but poorly or not at all with Coomassie blue.
Bovine MFGM contains at least two mucins, MUC1 and MUCI15 (formerly
PAS III), which have been characterized by biochemical and molecular
cloning techniques.

MUCI mucins have type 1 topologies (i.e., an externally oriented
N-terminus and a single transmembrane domain), extensively glycosylated
exoplasmic domains, a variable number of tandem repeats in the amino acid
sequence, and a short cytoplasmic tail (reviews, Patton et al., 1995; Mather,
2000) (Figure 4.9). During sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), MUCI migrates with a slower mobility than
XDH. In mixed herd milk, MUCI is seen as a diffuse, smeared band due
to allelic polymorphism, although in milk from individual animals it can be
resolved as one or two discrete bands. Five alleles have been identified in
Holstein cattle in the United States, with an apparent molecular weight
ranging from about 160 to 200 kDa (Hens et al., 1995; Huott et al., 1995).
Several MUCI alleles have been identified in other breeds of cattle (for
review; see Mather, 2000).
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Figure 4.8. Polypeptides associated with washed milk fat globules (G), released milk fat
globule membranes (M), and with the detergent and high salt-insoluble MFGM coat material.
(a) Gel was stained with Coomassie blue. The abbreviations are XDH, xanthine dehydrogenase/
oxidoreductase; BTN, butyrophilin; ADPH, adipophilin; PAS 6/7, periodic acid Schiff 6/7;
FABP, fatty acid binding protein. (b) Gel was stained with silver. The positions of the major
proteins, including MUCI1 and CD36, are indicated by arrowheads and the approximate
position of MUCI15 by a bar (MUCI1S is best detected with the PAS reagent, see Mather,
2000). The unlabeled arrowheads in (b) denote the corresponding proteins identified in (a). SDS-
PAGE was in 8 to 16% Tris-glycine gels.

Bovine milk MUCI is present in both cream and skim milk mem-
branes, at an estimated total concentration of up to about 40 mg/L of milk
(Mather, 2000). MUCI has been purified from bovine MFGM and a full-
length cDNA described (EMBL accession number AJ400824; Pallesen et al.,
2001). The complete sequence is available also for MUCI from human
(J05581), gibbon (L41589), mouse (M65132) and other species. While the
amino acid sequence predicts a trans-membrane protein, milk MUCI be-
haves anomously as a soluble protein and can be displaced readily, at least in
part, from the MFGM (Mather, 2000). Soluble forms of MUCI, lacking the
membrane anchor, have been described. In cultured cells, a proteolytic
cleavage occurs in the exoplasmic domain, generating a noncovalently asso-
ciated heterodimer (Ligtenberg et al., 1992). There is some preliminary
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Figure 4.9. Protein topology and proposed structure of the bovine MFGM. Proteins and their
constituent domains are drawn schematically showing the approximate positions of N-linked
glycans (closed triangles) and O-linked glycans (open triangles). The number and positions of
N-linked glycans associated with MUCI, and of O-linked glycans associated with MUCIS5 is
uncertain. Glycosylation sites in PAS6/7 are shown as a composite of both PAS6 and 7. Integral
proteins of the bilayer (BL) include MUCI with associated variable-number-tandem repeats
(VNTRs) (indicated as a break in the sequence), MUCI1S, CD36 and BTN with associated
intermediate (Igl) and constant (IgC1) Ig domains in the exoplasmic domain and B30.2 region in
the cytoplasmic domain. PAS6/7 with associated EGF-like repeats (E1 and E2) and factor-V-
and VIII-like domains (C1 and C2) may be anchored to the membrane via a C-terminal
amphipathic alpha-helical domain. Glycans associated with MUCI, MUCI15, BTN, CD36
and PAS6/7 and additional glycosaminoglycans (not shown) contribute to the outer glycocalyx
of the membrane. The major constituents of the protein coat on the inner surface of the MFGM
comprise XDH [shown as a homodimer, with constituent Fe/sulfur clusters (Fe,S,), flavin-
binding domain (FAD) and molybdo-pterin domain (Mo-pterin)], the cytoplasmic tail of BTN
and ADPH. ADPH is bound to the lipid droplet surface through a presumptive alpha-helical
domain. Double arrowheads indicate interactions between BTN and XDH and between ADPH
and the lipid droplet surface discussed in the text. Whether XDH also interacts with the lipid
droplet surface is speculative. In molar terms, BTN and XDH are the most abundant mem-
brane-associated proteins. Figure adapted from Figure 4.5b of Mather and Keenan (1998).
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evidence that such is the case with bovine MFGM MUCI (S. Patton and
T. W. Keenan, unpublished).

Apparently MUCI1 does not play a direct role in milk-fat globule
secretion, as MUCI knock-out mice lactate normally and raise litters suc-
cessfully (Spicer et al., 1995). This does not preclude an ancillary role for
MUCI in the secretory process or a role in stabilizing the MFGM. There is
some evidence that MUCI plays an immuno-protective role in the suckling
neonate by sequestering pathogenic microorganisms (for reviews, see
Mather, 2000; Patton, 2001; Peterson ez al., 2001).

A second mucin, MUCIS5, previously called PAS III, in bovine
MFGM (Kaetzel et al., 1987; Mather, 2000), has been isolated recently
and characterized by biochemical and molecular cloning techniques
(EMBL accession number AJ417816; Pallesen et al., 2002). The human
homologue also was cloned and shares 67% similarity in linear sequence
with bovine MUCI15. MUCIS was identified originally as a diffuse band of
PAS-reactive material with an apparent molecular weight between about 95
to over 100 kDa, following SDS-PAGE (see, for example, Mather, 2000).
Typically, this glycoprotein does not stain with Coomassie blue and variably
with the silver reagent (position shown by a square bracket in Figure 4.8).

Like MUCI1, MUCIS5 is a type 1 glycoprotein with an extensive exo-
plasmic domain, a single membrane span and a short cytoplasmic tail
(Figure 4.9). The predicted molecular mass of 33.3 kDa is much smaller
than expected from the electrophoretic mobility in SDS-polyacrylamide gels,
suggesting that a large proportion of the mass of MUCI1S5 is carbohydrate
(Pallesen et al., 2002). Both O-linked and N-linked glycans were detected by
biochemical methods. Unlike MUCI, there are no tandem repeats in
MUCI15. The polydisperse character of MUCI1S5 is, therefore, presumably
due to the addition of variable amounts of carbohydrate. A splice variant,
encoding a soluble form of MUCI5, lacking the transmembrane domain
(MUCI15/S), was described also. MUCI15 and MUCI15/S, are widely ex-
pressed (at least at the RNA level) in many epithelial and non-epithelial
cells and are currently of unknown function.

XDH is a major protein of the MFGM, with a monomeric molecular
mass of about 155 kDa, estimated by SDS-PAGE (Figure 4.8). The active
form of this enzyme is a homodimer. XDH accounts for about 20% of the
globule-associated protein (Mather et al., 1977). Upon disruption of the
membrane, large amounts of XDH are recovered in the MFGM super-
natant, and the remainder is bound tightly to the membrane (Mather et al.,
1977; Jarasch et al., 1981). This bound XDH is recovered largely in the high
salt and non-ionic detergent-insoluble MFGM coat (Freudenstein et al.,
1979). XDH is a widely-studied redox enzyme and has been the subject of
numerous reviews (for references, see Mather, 2000). The sequence of XDH
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from several species has been determined; in most cases from the cDNA. The
sequence of bovine XDH (Genbank accession number X83508) is very similar
to that of several other mammalian species. The amino acid sequence
identity between bovine, rat, mouse, and human enzymes is close to 90%
(Mather, 2000).

While XDH plays a key role in purine catabolism, the large amount of
this enzyme associated with fat globules suggests a function beyond purine
oxidation. As discussed above, XDH may play a role in milk fat globule
secretion. Expression of the XDH gene increases during pregnancy and
becomes maximal after parturition (McManaman et al., 2002). Recently,
direct evidence for a role for XDH in milk fat secretion was obtained.
Vorbach et al. (2002) generated mice with a targeted disruption in the (Xdh)
gene. (Xdh~/~) mice were runted and did not live beyond 6 weeks. (Xdht/™)
females were healthy and fertile but were unable to maintain lactation; in
these animals, the mammary epithelium collapsed, resulting in premature
involution. XDH was found to be necessary for enveloping lipid droplets in
plasma membrane during secretion. In (Xdh*/~) mice, mammary epithelial
cells became engorged with lipid and secreted lipid globules had a fragmented
outer membrane that caused them to aggregate into very large droplets.

Cluster of differentiation 36 (CD36), a protein of 76 to 78 kDa, stains
weakly with Coomassie blue but strongly with the PAS reagent and modified
silver stain (Figure 4.8). This integral protein of the MFGM is heavily
glycosylated. The complete amino acid sequence derived from the cDNA
from cloned bovine mammary gland is available (Genbank accession number
X91503). CD36 is known to have a number of diverse, mostly receptor,
functions in the vascular and hemopoietic systems, but none of these func-
tions is such as to suggest any role in milk fat secretion (Mather, 2000).
However, there is evidence that human CD36 can associate with src-family
kinases and function in intracellular signalling (Greenwalt et al., 1992).
Given the evidence suggestive of the involvement of kinases/phosphatases
in milk-fat secretion (discussed in the section on milk fat-globule secretion),
the possible role of CD36 as a modulator of lipid secretion should be
explored.

BTN is the most abundant protein of bovine MFGM and has been
estimated to account for about 35 to 40% of the total MFGM protein in
Holstein milk and for about 20% of MFGM protein in Jersey milk (Mather
et al., 1980; Mondy and Keenan, 1993). The name “butyrophilin” is derived
from the Greek butyros and philos meaning an affinity for butterfat (Franke
et al., 1981). BTN migrates during SDS-PAGE with an estimated molecular
mass of about 66 kDa and stains readily with Coomassie blue and silver
(Figure 4.8). The exoplasmic domain contains two N-linked glycans that
have been characterized extensively (Sato et al., 1995; Mather, 2000). BTN is
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expressed specifically in the mammary gland and is concentrated in the
apical plasma membrane and the MFGM. On destabilization of fat globules,
most of the BTN remains associated with the membrane. Upon disruption of
membrane structure by extraction with chaotropic agents, high salt or non-
ionic detergents, much of the BTN remains associated with the insoluble
MFGM coat material.

Gene and cDNA sequences for bovine BTN (Genbank/EMBL acces-
sion numbers M35551; 793323) and BTN from some other species are
available. At least ten related BTN genes have been identified in several
species that have limited to broad expression profiles in tissues other than the
mammary gland (e.g., Ye et al., 2000; Rhodes et al., 2001). Following the
convention of the HUGO Gene Nomenclature Committee, the mammary-
specific gene should be denoted BTNIAI, to distinguish it from related
family members. BTN has an externally oriented N-terminus and a single
trans-membrane anchor located close to the middle of the sequence (type 1
topology) (Jack and Mather, 1990; Banghart et al., 1998) (Figure 4.9). BTN
and related family members belong to the immunoglobulin (Ig) superfamily
of adhesive and receptor proteins. BTN has two Ig-like folds in the
N-terminal half of the molecule. In the C-terminal part, there is a B30.2
domain, predicted to comprise two Ig folds (Sato et al., 1995), which may
function as a protein-binding domain (Schweiger et al., 1999; Mather, 2000;
Niikura et al., 2003; Zhai et al., 2004). As discussed in the section on
secretion of milk fat globules, BTN associates with XDH, and probably
with other proteins, to form a large complex.

It was long speculated that BTN plays some role in milk fat secretion
(Mather and Jack, 1993) and now there is direct evidence for this. Ogg et al.
(2004) prepared two lines of mice in which either variable amounts of a
truncated form of BTN were expressed, or BTN expression was undetect-
able. Females of both lines were fertile and entered into lactation but had
defects in fat globule secretion. In these mice, just like in (Xdh™/~) mice,
secretory cells became engorged with lipids. Lipid droplets were secreted
with disrupted membranes and aggregated into large droplets.

ADPH was not identified as a major MFGM protein until recently
because it co-migrates with the glycoprotein known as PAS 6/7. ADPH was
known previously as adipocyte differentiation-related protein (ADRP) be-
cause it is expressed early during adipocyte differentiation and was believed
to be expressed only in adipocytes (Jiang and Serrero, 1992). Since then,
ADPH has been detected in a large number of tissues and cell types, where it
invariably is associated with intracellular lipid droplets (Heid ez al., 1996;
1998; Brasaemle et al., 1997).

ADPH migrates as an estimated 52 to 54 kDa polypeptide on SDS-
PAGE (Figure 4.8). It remains largely associated with the MFGM, even
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though it is not a trans-membrane protein, when globules are destabilized
and it is recovered mostly, if not entirely, in the MFGM-associated
coat material when membrane structure is destroyed (Heid et al., 1996).
ADPH appears to be intermediate in abundance between BTN and XDH
in bovine MFGM. This protein probably is not glycosylated (Heid et al.,
1996).

The sequence of bovine ADPH was determined from its cDNA (Gen-
bank accession number AJ011680); the bovine protein is 87 and 80% identical
to human and mouse ADPH, respectively (Nielsen et al., 1999). Surprisingly,
ADPH does not have an extensive contiguous sequence of hydrophobic
amino acids. About half of the 50 N-terminal residues are nonpolar. McMa-
naman et al. (2003) found that the lipid-targeting domain of ADPH is in a
presumptive a-helical region between residues 189 and 205 of the mouse
protein (Figure 4.9).

PAS 6/7, the bovine homolog of mouse MFG-ES, has been known by
many names (Mather, 2000). This protein migrates as a broad doublet with
an estimated molecular mass range of 43 to 58 kDa on SDS-PAGE (Figure
4.8). PAS 6/7 stains both with Coomassie blue and with the PAS reagent.
PAS 6/7 is an extrinsic protein of the MFGM and can be largely displaced
from the membrane by extraction with buffers containing a high concentra-
tion of salt (Mather, 2000). Upon destabilization of fat globules, a high
proportion is recovered in the MFGM supernatant fraction.

The complete amino acid sequence derived from cDNA is available for
bovine PAS 6/7 (Genbank accession number X91895) as well as the homolo-
gous protein from several other species (Mather, 2000). PAS 6/7 is the
product of a single gene but gives rise to a doublet on SDS-PAGE because
of variable glycosylation of an identical polypeptide chain. The protein
contains both N-linked and O-linked glycan chains. In the N-terminal region
of the protein, there are two epidermal growth factor-like domains, one of
which contains the Arg-Gly-Asp adhesive sequence that binds to integrin
receptors. PAS 6/7 also contains domains similar to the C1 and C2 domains
of blood-clotting factors V and VIII (Figure 4.9). The C2 domain contains
putative phospholipid-binding motifs and topological analysis suggests
that PAS 6/7 is bound to anionic phospholipids of the MFGM (Mather,
2000). Sequence analysis of the cDNA of the rat homolog of PAS 6/7
provided evidence that this protein may be an acetyltransferase that
functions in O-acetylation of ganglioside sialic acids (Ogura et al., 1996),
but whether the MFGM protein has such enzymic activity remains to be
determined.

PAS 6/7 has no known role in milk-fat globule secretion. The human
homologue, lactadherin, binds to rotaviruses and may protect the gastro-
intestinal tract of the suckling young from infection (Peterson et al., 2001).
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The mouse homologue, MFG-ES8, plays a direct role in apoptosis as
MFG — E8~/~ mice are defective in the phagocytosis of apoptotic cells by
macrophages (Hanayama et al., 2004). MFG-ES is secreted by activated
macrophages and binds to phosphatidylserine expressed on the outer surface
of apoptotic cells, thus stimulating their subsequent destruction by phago-
cytosis (Hanayama et al., 2002).

FABP can be identified during SDS-PAGE of the MFGM as a protein
that migrates with an estimated molecular weight of 13 kDa (Figure 4.8).
Gels containing more than 10% polyacrylamide, or gradient gels, are re-
quired to resolve this protein from material that migrates at or near the dye
front in gels of lower polyacrylamide concentration (Mather, 2000). This
protein stains with Coomassie blue but not with the PAS reagent and, upon
destabilization of fat globules, is recovered largely in the MFGM super-
natant fraction. FABP was identified originally as a potent inhibitor of the
growth of mammary carcinoma cells and was called “mammary-derived
growth inhibitor” (Mather, 2000).

There are many tissue-specific or cell-specific forms of FABP; the
MFGM form is most likely to be heart FABP, the sequence of which has
been determined (Swiss Protein accession number P10790). However, it is
possible that other forms of FABP also are associated with the MFGM
(Mather, 2000). As yet, no functional role has been found for FABP of MFGM.

In addition to the major MFGM proteins, numerous other, quantita-
tively minor, polypeptides are detectable, especially when SDS gels are
stained with silver (Figure 4.8). Two-dimensional separations reveal a com-
plex pattern of minor constituent proteins (see, for example, Mather, 2000).
Many of these constituents have yet to be identified in bovine MFGM
(however, see Quaranta et al., 2001, Cavaletto et al., 2002 and Wu et al.,
2000 for proteomic studies of human and mouse MFGM). Some of these
unidentified proteins are likely to be enzymes, as a large number of enzymic
activities have been detected in MFGM (Table 4.3). In addition, one would
expect that at least some of the proteins associated with the surface of lipid
droplets within the cell are present in secreted milk-fat globules. However,
the only such protein specificially identified is ADPH. Monomeric GTP-
binding proteins associated with the MFGM have been identified by ligand
binding but which of the minor silver-stained constituents migrating in the
19 to 25 kDa region correspond to these G-proteins remains to be deter-
mined. Recently, some preliminary evidence that a 23 kDa membrane con-
stituent may be the C-terminal MUCI heterodimeric partner and that a
43 kDa constituent may be actin has been obtained using antibodies for
detection; the identity of actin was confirmed by partial sequence analysis
(Heid and Keenan, 2005).
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4.9. Molecular Organization of the MFGM

The organization of material on the fat globule surface has been the subject
of much speculation and experimentation over the past about 90 years.
Models of the nature and organization of the fat globule surface material
have progressed from it being an adsorbed layer of constituents derived from
milk serum to the current view that the MFGM is a true biological mem-
brane. Five groups made seminal contributions leading to our current view
of MFGM structure. Bargmann and Knoop (1959) were the first to provide
electron micrographs showing that fat globules are secreted from cells by
envelopment in apical plasma membrane. The biochemical studies of Mor-
ton and colleagues (Morton, 1954; Bailie and Morton, 1958a,b) and of
Brunner and colleagues (Dowben et al., 1967) provided evidence that the
MFGM contains a number of enzymes typically found in cellular mem-
branes. Patton and Fowkes (1967) showed that the phospholipids of MFGM
are like those of cellular membranes and provided a biophysical rationale for
the envelopment of lipid droplets in plasma membrane. Patton and Trams
(1971) and Mather and Keenan (1975) showed that certain MFGM proteins
are disposed assymetrically with respect to the plane of the lipid bilayer of
the membrane.

Our current view of the MFGM is that it is a true bilayer membrane
with a dense protein coat 10 to 50 nm thick oriented on the cytoplasmic
membrane face (the face contacting the core lipids of the globule) and an
innermost layer derived from material that coated the lipid droplets before
secretion. The bilayer membrane of the MFGM almost certainly is derived
from specialized regions of apical plasma membrane. The dense protein coat
is most probably the complex formed from interaction of cytosolic XDH
with the cytoplasmic tails of BTN and ADPH and perhaps other proteins of
the intracellular lipid droplet surface (Figure 4.9).

Early morphological and biochemical studies showing that there is a
distinct asymmetric orientation of the glycans, enzyme-active sites, and pro-
teins of the MFGM have been in part confirmed by molecular biological
approaches (Figure 4.9). With respect to the major proteins, it has been
established that PAS 6/7 is an externally disposed extrinsic MFGM constitu-
ent and that XDH is an internally disposed constituent of the MFGM coat
that interacts with the membrane by association with BTN (for review, see
Mather and Keenan, 1998). MUC1, MUCI5 and BTN are trans-membrane
proteins with single membrane-spanning regions and with externally-oriented
N-termini. CD36 also is a trans-membrane protein but has short, internally-
disposed N-terminal and C-terminal segments and a large, externally-
disposed loop. Apparently, ADPH does not occur in plasma membrane
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(Heid et al., 1996), so it is likely that this protein originates from the surface of
intracellular lipid droplets and interacts with BTN, XDH, or perhaps other
proteins or protein complexes on the inner face of the MFGM. Phospholipids
and glycosphingolipids are known to be asymmetrically organized in cellular
membranes but we have no specific information as to how these constituents
are oriented in the MFGM.

4.10. Perspectives

Much of the progress made in this research area during the past 10 years has
been in elucidating the sequence and orientation of MFGM proteins and
establishing that XDH and BTN are necessary for the normal secretion of
milk-fat globules. Data suggestive of factors that regulate the actual milk-fat
globule secretory process have also become available. In contrast, there has
been little advance in our knowledge of how intracellular precursors of milk
lipid globules form and grow prior to secretion. We now have a knowledge
base sufficient to allow drawing of diagrams showing the origin, growth,
transit, and secretion of milk fat globules (Figure 4.5) but there is a severe
lack of understanding of the molecular mechanisms involved in these pro-
cesses. This research area is ripe for the application of molecular cell bio-
logical approaches to answer the many remaining questions.

One major obstacle to molecular studies in the area of milk-fat globule
formation and secretion is the lack of a cell line that secretes, or can be
induced to secrete, milk fat globules, although some progress in this area has
been reported (Rohlfs ez al., 1993). Development of such a cell line would be
a major advance, in and of itself, and would be an invaluable aid in fostering
further research in this area.
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Physical Chemistry of Milk Fat Globules

T. Huppertz and A.L. Kelly

5.1. Introduction

The presence of fat globules in milk was first reported by Van Leeuwenhoek in
1674, after microscopic analysis of milk placed in a fine capillary tube; since
then, the physical and colloidal properties of milk fat globules and their size
distribution have been the subject of considerable study. These properties of
milk fat globules are responsible for, or contribute to, some of the properties
and phenomena observed in liquid dairy products (e.g., the colour and
creaming of milk), and are integral to the manufacture and characteristics
of many dairy products (e.g., butter and ice cream). Furthermore, the prop-
erties of milk fat globules can influence enzymatic processes, such as lipolysis.
Finally, milk fat globules can be affected greatly by processes applied to the
milk, particularly homogenization, which has significant implications not
only for the properties of milk fat globules, but also of casein micelles in milk.

In this Chapter we will describe important aspects of the physical
and colloidal chemistry of milk fat globules, in particular recent research
in the area, which underpins many of the phenomena described in other
chapters of this book. The relevant aspects of processes that affect the
stability of fat globules, including storage, homogenization and heating,
and resulting interactions with other milk constituents, including caseins
and whey proteins, will be reviewed also.

5.2. The Nature and Size Distribution of Milk Fat Globules

Fat in milk is present predominantly in spherical droplets ranging from
<0.2to >15um in diameter; bovine milk typically contains >10'0 fat
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globules per mL. The composition of the fat in the milk fat globules has been
discussed in detail in Chapters 1 and 2. Fat globules in milk are naturally
emulsified by a complex layer of surface material, the milk fat globule
membrane (MFGM), which accounts for 2-6% of the mass of the fat
globules (Keenan and Mather, 2002; Chapter 4). The composition of the
MFGM (Table 5.1) is closer to that of a cell membrane, from which it largely
derives, than to either milk fat or milk serum. Widely-differing compositions
of the MFGM, particularly in terms of triglyceride profile, have been
reported. Several enzymes are found in the MFGM fraction, including
alkaline phosphatase and Xanthine oxidoreductase, which make up a sign-
ificant portion of the membrane protein, as well as monoglycerides and free
fatty acids. For a more detailed description of the secretion of milk fat
globules and the structure of the MFGM, the reader is referred to Chapter 4.

One of the most important properties of fat globules in milk is their
size, both in terms of mean (average) size, but the range or distribution of
sizes and the effects of processes and treatments thereon. A review of the
early studies on milk fat globule size was prepared by Campbell (1932). The
size distribution of milk fat globules may vary greatly with the analytical
method used, giving a certain degree of unreliability to results obtained using
some older methods (Walstra et al., 1969). However, in more recent years,
methods such as dynamic light scattering (Robin and Paquin, 1991; Dalgle-
ish and Hallett, 1995), low-angle laser light scattering (Muir et al., 1991;
Michalski et al., 2001a), Coulter counting (Hillbrick et al., 1998), ultrasound
(Miles et al., 1990) and electroacoutics (Wade et al., 1996; Wade and Beattie,
1997), have been applied to obtain accurate and reproducible results. Many
of the measurement techniques mentioned generate complex primary data,

Table 5.1. Estimated average composition of milk fat globule membrane (adapted
from Walstra et al., 1999)

mg/100 g fat mg/m? fat % of membrane
Component globules surface material
Protein 1800 9.0 70
Phospholipids 650 3.2 25
Cerebrosides 80 0.4 3
Cholesterol 40 0.2 2
Neutral glycerides +? + ?
Water + + ?
Carotenoids and vitamin A 0.04 2% 1074 -
Iron 0.3 1.5%x 1073 +
Copper 0.01 5% 1073 -
Total >2570 >12.8 100

# + indicates component is present but concentration has not been determined precisely.
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which must be processed using specific algorithms or programmes to yield
useful data for milk fat globule size.

Avoidance of interference of other milk constituents with measure-
ments is also of importance; for example, dissociation of casein micelles by
calcium-chelating agents, such as trisodium citrate or ethylenediamine tetra-
acetic acid (EDTA), may used to avoid interference of the micelles in particle
size measurement, while clusters of fat globules can be disrupted by adding a
low level of sodium dodecyl sulphate (SDS).

A plot of the number distribution (i.e., the number of globules per unit
volume, N, in a certain size class, divided by the width of the size class, Ad),
as a function of size, d, shows three sub-distributions (Walstra, 1969a, 1995):
a subclass of ‘small particles’, comprising ~80% of the number of particles
but only ~3% of the mass of fat, the main fraction, comprising ~95% of fat,
and a subclass of large globules, comprising ~2% of the fat. Besides the
number distribution, distributions of mass, volume or surface area can also
be calculated, by multiplication of the number frequency by mass, volume or
surface area, respectively, for each size class. Plotting volume frequency
versus particle diameter is the most common method of presentation of
globule size data (Walstra, 2003).

Several parameters can be used to express the mean size of the milk
fat globules. These parameters are derived from the so-called moments of
the size distribution function; the nth moment of the distribution function
(S,) is equal to:

Sy =Y _dN;

where N; is the number of particles present and d; is the particle diameter in
size class i. These moments have no physical meaning, but are particularly
useful as auxiliary parameters in the calculation of characteristic numbers of
size distribution. Some common parameters characterizing mean globule
size are given in Table 5.2, as are means and ranges of such values for bovine
milk. The specific surface area of the fat globules, 4, can be derived from the
volume surface-weighted mean diameter:

A =6¢/d3,

where ¢ is the volume fraction of milk fat and d5, is volume surface-
weighted mean diameter. A typical mean value for 4 is ~2.2m?/g fat in
unhomogenized bovine milk (range 1.9-2.5m?/g fat; Walstra, 1969b).

Average milk fat globule size decreases with advancing stage of lacta-
tion (Walstra, 1969a) and is positively correlated with the fat content of the
milk (Wiking et al., 2003) and daily fat yield (Wiking et al., 2004).
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Table 5.2. Parameters describing the size distribution of milk fat globules
in unhomogenized bovine milk

Range (wm)  Average (pm)

Number mean diameter: d, = di o = S;/So 0.67-1.0 0.81*
Volume mean diameter: dy = dz g = (S3/S0)l/3 1.5-2.1 1.8%

Volume surface-weighted mean diameter: dys = d3» = S3/S; 2.54.6 3.34%
Volume moment-weighted mean diameter dym = ds3 = S4/S3 3.53°

& Walstra (1969a).
® From Huppertz et al. (2003).

Table 5.3. Fat globule size (volume surface-weighted mean diameter, dy) in milk
from various species

Species dys(um) Reference
Cow 39 Walstra (1969a)
4.0 Riiegg and Blanc (1981)
~3.5 Van Boekel and Folkerts (1991)
5.32 Mehaia (1995)
3.51 Attaie and Richter (2000)
Goat 4.89 Mehaia (1995)
2.76 Attaie and Richter (2000)
Camel 4.40 Farah and Riegg (1991)
4.40 Mehaia (1995)
Human milk colostrum 1.74 Rilegg and Blanc (1981)
Human milk transitional 1.84 Riiegg and Blanc (1981)
Human milk mature 4.10 Riiegg and Blanc (1981)
Ewe 5.00 Gervilla et al. (2001)
4.95 Mehaia (1995)

As illustrated in Table 5.3, considerable interspecies differences in milk
fat globule size have been reported. Compared to bovine milk, d3 » is lower for
fat globules in caprine (Mehaia, 1995; Attaie and Richter, 2000) and ovine
milk (Mehaia, 1995), but is similar in mature human (Riiegg and Blanc,
1981) and camel (Farah and Riiegg, 1991) milk.

Milk fat globule size can be influenced by several treatments applied
to milk. Homogenization, as discussed in Section 5.12, is a mechanical
treatment classically applied by milk processors to reduce fat globule size
and prevent creaming during the storage of liquid milk. Van Boekel
and Folkerts (1991) reported that batch heating or indirect ultra-high tem-
perature (UHT) heating of milk at 90-150°C did not influence volume
surface-weighted mean diameter dys, whereas direct UHT heating reduced
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dys progressively with increasing temperature. Treatment of milk or cream
at a high hydrostatic pressure (up to 600 MPa) has little effect on milk
fat globule size (Dumay et al., 1996; Gervilla et al., 2001; Huppertz et al.,
2003).

5.3. Differences in the Composition of Milk Fat Globules

Walstra and Borggreve (1966) reported that, in milk from a single milking of
a single cow, considerable differences in refractive index existed between
milk fat globules of similar diameter, indicating differences in the compos-
ition of the globules. Furthermore, the observation by Walstra (1967) that
the fat in a small proportion of the fat globules in milk melts at a tempera-
ture considerably higher than the average melting point (37°C) also indicates
compositional differences between fat globules.

The composition (i.e., fatty acid composition of the triacylglycerols) of
fat globules also varies with globule size. Timmen and Patton (1988) found
less C4.0 — Cyo.0 and Cig9 and more Cig.; acids in smaller than in larger fat
globules. The fatty acid composition of globules also differs with season; the
Cig.1 and Cig, acid content of milk obtained in winter increases with fat
globule size, but the opposite effect is observed in spring milk; in winter, the
levels of Cj49 and Cig acids decrease with fat globule size (Briard et al.,
2003). In both spring and winter, there was significantly more Ci4.9, Cig:
and less Cyg.0 acids in small fat globules compared to large globules (Briard
et al., 2003). The higher levels of Cig.; and Cjg.; acids in small than in large
globules in spring milk can be explained partially by the fact that the fat
globule membrane, which represents a larger proportion of the mass of
smaller globules, contains a higher proportion of these fatty acids than
bulk fat (Jensen and Nielsen, 1996); however, the larger proportion of
Cis.1 and Cig.p acids in the membrane alone cannot fully explain compos-
itional differences between globules of different size; thus, it may be assumed
that their level in the fat core is also higher (Briard ez al., 2003). Wiking et al.
(2004) reported a positive correlation between the average fat globule size in
milk and the concentration of Cj¢.9, Cis.1, Cis.0 and Cjg.; acids.

5.4. Fat Crystals in Globules

Crystallization of fats (triglycerides) is a complex phenomenon, especially for
milk fat, due to its very broad fatty acid composition (see Chapter 1). Prin-
ciples of crystallization of milk fat have been reviewed extensively elsewhere
(Chapter 7; Mulder and Walstra, 1974; Walstra et al., 1995). Whether a
quantity of milk fat is present as a continuous mass (e.g., anhydrous milk
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fat or butter oil) or in numerous small globules (e.g., as in milk or cream) has a
considerable influence on its crystallization behavior. The crystallize status
affects many properties of the milk fat globules (e.g., their susceptibility to
partial coalescence and their resistance to disruption). Some reasons why
crystallization of fat in globules may differ from that in bulk milk fat as
proposed by Mulder and Walstra (1974) are:

o Heat dissipation in bulk fat is considerably slower than in milk or
cream; this is related to the lower thermal conductivity of bulk fat
and, in particular, the fact that bulk fat cannot be agitated efficiently.

« Not all fat globules may contain the catalytic impurities required to
start heterogeneous nucleation, so that nuclei would have to form
spontaneously in those globules. Soderberg et al. (1989) observed
that deeper super-cooling was necessary to induce crystallization in
milk fat globules than in bulk fat, whereas Lopez et al. (2002a)
observed that, with decreasing globule size in cream, deeper super-
cooling was required for crystallization of milk fat inside the
globules.

o The surface layer of the fat globule may act as a catalytic impurity
(e.g., when it contains mono-glycerides or di-glycerides with long-
chain fatty acid residues); however, there is still some uncertainty as
to whether this process actually occurs (see Walstra, 1995). Although
concentric layers of apparently crystalline fat have been observed in
electron micrographs of freeze-etched or freeze—fractured milk or
cream samples (Buchheim, 1970; Henson et al., 1971), these obser-
vations could not be confirmed by other microscopy techniques.
Noda and Yamamoto (1994) reported that it is thermodynamically
more favorable for fat crystals to be located at the oil/water interface,
rather than in the interior of the droplet, which may explain the
presence of fat crystals at the membrane.

o The composition of bulk fat is uniform, but differences from globule
to globule are known to occur (see Section 5.3); consequently, con-
siderable differences may occur in the final melting point of the fat
between different globules.

e The dispersed state has a considerable effect on fat crystal poly-
morphism. Lopez et al. (2000, 2001c) observed that crystallization
in milk fat globules is more disordered than in bulk fat. On slow
cooling, milk fat crystallizes in the o form in cream (Lopez et al.,
2001a), whereas in anhydrous milk fat, it crystallizes first in the B’
form and then in the a form (Lopez et al., 2001b). Rapid cooling of
cream or anhydrous milk fat from 60 to 4°C leads to the formation
of a crystalline structures, which transformed into B’ structures
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rapidly in anhydrous milk fat but more slowly in cream. On
prolonged storage, these crystal structures evolve further, leading
to the co-existence of a, B’ and B structures (Lopez et al., 2002b).
Furthermore, Lopez et al. (2002a) observed a greater disorder and
smaller size of the fat crystals in milk fat globules as the size of the
globules decreased.

Crystallization of milk fat in globules is also influenced by exposure to high
hydrostatic pressure. High pressure (HP) treatment at 100-500 MPa at 23°C
induces crystallization of fat within the droplets and crystallization
proceeds further during storage at 23°C (Buchheim and Abou el-Nour,
1992; Buchheim et al., 1996). Acceleration of crystallization of milk fat by
HP treatment is due to a shift of the solid/liquid transition temperature
towards a higher value (Frede and Buchheim, 2000). HP-induced crystal-
lization of milk fat was strongly delayed by a reduction in fat globule size
(Buchheim et al., 1996). These HP-induced changes in the crystallization
behavior of globular milk fat may offer opportunities to overcome the
necessity for super-cooling to obtain a particular level of crystalline fat.

5.5. Colloidal Interactions

Colloidal interactions form the basis of many of the properties of emul-
sions, as well as the changes observed in emulsions over time; such
interactions govern whether droplets remain as separate entities or aggregate.
In this section, a brief overview of the predominant colloidal interactions of
importance for the stability of emulsions of milk fat globules is given.

The interactions between two emulsions droplets can be described in
terms of the interaction energy, or inter-droplet pair potential, w(%), which is
the energy required to bring two emulsion droplets from an infinite distance
apart to a surface-to-surface separation distance, 2 (McClements, 1999):

w(h) = Wattractive (1) + Wrepulsive(h)

If attractive forces dominate at all separations, w(h) is always positive,
and the interaction energy (i.e., the free energy needed to bring two droplets
from an infinite distance closer together) will be negative, and the droplets
will tend to aggregate. Conversely, if repulsive forces dominate at all separ-
ations, and the positive interaction energy is several times larger than the
average kinetic energy involved in the encounter of two particles by Brown-
ian motion, droplets tend to remain as individual entities. In many cases,
however, w(/) is neither positive or negative over the entire distance /.
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The classical DLVO (Derjaguin-Landau-Verwey-Overbeek) theory
(Derjaguin and Landau, 1941; Verwey and Overbeek, 1948) states that the
stability of a colloidal system essentially depends on two independent inter-
actions between colloidal particles: van der Waals attractions and electro-
static repulsion:

W(h) = Wyan der Waals(f1) + Welectrostatic (1)

Van der Waals forces are attractive forces which act between all molecules;
they arise from the attraction between orientationally polarized molecules.
Their strength decreases with droplet separation, increases with droplet size
and depends on the physical properties of the droplets and the surrounding
medium and on the thickness and composition of the absorbed emulsifier
layer (Bergenstahl and Claesson, 1997; Friberg, 1997, McClements, 1999).

Electrostatic interactions occur between molecules that contain a per-
manent electrical charge. The approach of two identically charged surfaces
leads to an increase in the counter-ion concentration between the surfaces,
which generates a repulsive force, as a result of increased osmotic pressure
(Dickinson and Stainsby, 1988; Bergenstahl and Claesson, 1990, 1997). The
surface charge, as estimated by the zeta-potential, is ~—13 to —14mV for
unhomogenized milk fat globules (Jack and Dahle, 1937; Payens, 1963,
1964; Michalski et al., 2001b) and ~—20mV after homogenization (Wade
and Beattie, 1997; Michalski et al., 2001b). Dalgleish (1984) reported slightly
lower values for the zeta-potential (i.e., —10mV for unhomogenized and
—13 to —17mV for homogenized milk fat globules). The overlap of electric
double layers will cause a local increase in potential, implying that work
must be performed to bring particles closer together.

Thus, according to the DLVO theory, aggregation of milk fat globules
should occur if the van der Waals attraction is larger than the electrostatic
repulsion. However, calculation of these forces for milk and application of
the data to the DLVO theory results in a negative interaction energy at all
distances (Walstra, 1995), so that immediate aggregation of milk fat globules
should be observed. Aggregation of fat globules, however, does not occur,
even when electrostatic interactions are minimal. Thus, there must be a
second repulsive force acting (i.e., steric repulsion); the DLVO theory may
thus be extended to:

W(h) = Wyan der Waals(1) + Welectrostatic (1) + Wteric (/)

Repulsive steric forces are encountered when the outer segments of two
polymer-covered surfaces begin to overlap. These interactions usually lead
to a repulsive force due to the unfavorable reduction in entropy associated
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with confining the chains between surfaces (Tadros and Vincent, 1983;
Isrealachvili, 1992; Walstra, 1996, 2003). In the case of milk fat globules,
steric repulsion is provided by glycoproteins in the milk fat globule mem-
brane, which have highly hydrophilic moieties protruding from the globule
surface. Hydrolysis of these glycoproteins by papain causes aggregation of
milk fat globules (Shimizu et al., 1980).

5.6. Physical Instability of Emulsions

The stability of an emulsion denotes its ability to resist changes in its
properties over time (i.e., higher emulsion stability implies slower change
in emulsion properties). When considering the stability of an emulsion, it is
of major importance to distinguish between thermodynamic stability and
kinetic stability. Thermodynamics predict whether or not a process will
occur, whereas kinetics predict the rate of the process, if it does occur. All
food emulsions are thermodynamically unstable and thus will break down if
left long enough.

Instability of an emulsion may be physical or chemical in nature.
Chemical instability, which results in an alteration in the chemical structure
of the lipid molecules due to oxidation or hydrolysis (McClements, 1999),
will not be considered in this chapter; for more information, the reader
is referred to Chapters 11 and 12. Physical instability results in an alter-
ation in the spatial distribution or structural organization of the globules
(i.e., the dispersed phase of the emulsion). A number of important mechan-
isms responsible for the physical instability of emulsions, as depicted in
Figure 5.1, can be divided into two categories: gravitational separation and
droplet aggregation.

Gravitational separation involves the movement of emulsion droplets
due to the fact that they differ in density from the surrounding liquid. If the
droplets have a lower density than the surrounding medium, they tend to
move upwards, a process referred to as creaming. Conversely, droplets or
particles that have a density higher than the surrounding medium tend to
move downwards under the influence of a gravitational force (i.e., sedimen-
tation). Creaming of milk will be discussed in more detail in Section 5.7.

Droplet aggregation is said to occur when droplets stay together for a
time much longer than they would in the absence of colloidal interactions,
(i.e., than can be accounted for by collisions due to Brownian motion)
(Walstra, 2003). Mechanisms responsible for the physical instability of
droplets through aggregation are flocculation, coalescence or partial
coalescence.
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Figure 5.1. Schematic overview of types of instability of emulsions.

e Flocculation of droplets is defined as the aggregation of droplets to

give three-dimensional floccules, wherein the droplets remain as
individual entities (Tadros and Vincent, 1983). Flocculation can be
distinguished from coagulation by the fact that the former denotes
weak, reversible interactions, whereas the latter denotes strong, and
often irreversible, interactions (Walstra, 2003). Flocculation occurs
as a result of collisions; the extent of flocculation is determined by
both the total number of droplet collisions per unit time per unit
emulsion volume and the likelihood that an encounter between
droplets will lead to aggregation. The most effective way to control
the rate and extent of flocculation is by regulating the colloidal
interactions between the droplets.

e Coalescence is the process in which two or more fat globules merge to

form one larger spherical fat globule through the rupture of the
liquid film between emulsion droplets. It is the principal mechanism
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by which an emulsion moves towards its thermodynamically-stable
state, through a decrease in free energy as a result of the decrease in
contact area between the oil and water phases (Tadros and Vincent,
1983; McClements, 1999; Walstra, 1996, 2003). Coalescence of milk
fat globules will be discussed in more detail in Section 5.9.

e Partial coalescence involves the formation of anisometrically shaped
conglomerates of droplets due to the fact that true coalescence is
prevented (e.g., because the globules contain a network of crystalline
fat) (Walstra, 1996, 2003; McClements, 1999). The ultimate driving
force for partial coalescence is a decrease in interfacial free energy,
although other processes are also involved (Walstra, 2003). Partial
coalescence of milk fat globules will be discussed in more detail in
Section 5.9.

5.7. Separation of Milk

Because milk fat has a lower density than milk plasma, it tends to rise under
the influence of a gravitational or centrifugal force. For perfect spheres, the
rate of rise, v, is given by Stokes’ Law:

v =alp, — pp)d’ /187,

where a is the acceleration due to gravitational or centrifugal force, p,, is the
mass density of the plasma, p; is the mass density of the fat, d is the diameter
of the fat globule and 7, is the viscosity of the plasma. For gravity creaming,
a = g ~ 9.8 m/s%. For creaming under centrifugal force, « = R>w where R is
the effective centrifugal radius and o is the angular velocity (= 2mwn/60,
where 7 is the number of revolutions per minute).

To predict v correctly, several prerequisites must be met (Mulder and
Walstra, 1974; Walstra and Oortwijn, 1975; Walstra, 1995), most notably:

e Globules must be perfect and homogeneous spheres;

e Other particles in the plasma must be considerably smaller than the
fat globules;

o Brownian motion must be small compared to the rate of rise;

o Counter-flow of liquid due to globule movement must be negligible;

o Mutual interaction between globules must be absent.

Troy and Sharp (1928) found that, in milk highly diluted with milk
plasma, the rise of individual milk fat globules, as well as roughly spherical
clusters of milk fat globules, correlated well with Stokes’ law. However,
Walstra and Oortwijn (1975) observed that the rate of rise of fat globules
in undiluted milk systems under the influence of gravity was lower than
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predicted by Stokes’ law, in particular for milk of high fat content or
containing small fat globules.

The creaming rate (defined as the proportion of the fat arriving in the
cream layer per unit time) is proportional to the creaming parameter, H
(Walstra and Oortwijn, 1975):

H=S5/S3=> Nd’/> Nd;

This parameter shows a linear relationship with the creaming rate if the
effect of aggregation of the globulesis excluded (Riiegg and Blanc, 1981); itcan
be seen that larger globules in particular affect H, and thus the creaming rate.

The presence of clusters of fat globules affects creaming considerably.
Such clusters will rise faster than the individual globules because of their
larger size. Clusters may be formed due to cold agglutination (see Section
5.8) or due to inefficient homogenization (i.e., formation of homogenization
clusters, see Section 5.13). Also, small clusters of fat globules may be formed
during sterilization of heat-evaporated milk at the onset of heat-induced
coagulation (Schmidt ef al., 1971).

The separation of milk can be accelerated significantly by application
of a centrifugal force, which is the principle of separation (skimming) of
milk in industrial practice; the design of a separator is depicted in Figure 5.2.
The objective of centrifugal separation is to achieve the lowest possible
fat content in the skimmed milk, while removing the fat as a greatly
(~tenfold) concentrated cream phase. With the exception of high-fat prod-
ucts, Stokes’ law can be applied rather accurately to the rate of rise of milk
fat globules in a centrifugal field. Centrifugal separation is more efficient at
an elevated temperature, as the factor (pp — pr)/ m, Increases more then ten-
fold in a linear fashion over the temperature range 0-80°C (Mulder and
Walstra, 1974). The fat content of the skimmed milk depends on the pro-
portion of the fat in very small globules (e.g., <1 um), which are the most
difficult to separate, and the level of non-globular fat.

5.8. Cold Agglutination

When bovine milk is stored in the cold under quiescent conditions, a cream
layer will form due to the rise of milk fat globules. However, the rate of
rise of the milk fat globules is considerably faster than can be accounted
for by Stokes’ law for individual globules (Troy and Sharp, 1928). This is due
to the fact that milk fat globules tend to rise in large clusters, which rise
at a considerably higher rate than individual globules. Merthens
(1933b) reported that addition of colostrum to milk enhanced creaming
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Figure. 5.2. Principle of operation of a centrifugal milk separator. Milk enters at the bottom
of the unit and separates into heavier shim (dark grey) and lighter cream (pale grey) fractions
which are recovered at the top of the separator (Reproduced with permission from Dairy
Processing Handbook, Tetra Pak Processing Systems AB, Lund, Sweden, 1995).

considerably, suggesting that one or more agents enriched in colostrum
promoted creaming. Detailed studies, including an extensive survey of older
work in this area, were reviewed by Dunkley and Sommer (1944). The
clustering of milk fat globules during cold storage markedly resembles
the agglutination of bacteria or red blood cells, due to the action of the
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immunoglobulin IgM, in terms of dependence on pH, concentration
and valency of cations. Hence, the clustering of milk fat globules in the
cold is referred to as cold agglutination.

In terms of understanding the mechanism for cold agglutination of milk
fat globules, two of the most important phenomena are the ‘Merthens effect’
and the ‘Samuelson effect’. Merthens (1933a) observed that milk reconstituted
from homogenized skim milk and unhomogenized cream has poor creaming
ability (““Merthens effect”). It was proposed initially that this is due to de-
naturation of the agglutinin on homogenization, but Koops et al. (1966)
showed that this was not the case. Samuelson et al. (1954) showed that two
components are required for cold agglutination: a homogenization-labile
component and a heat-labile component (“Samuelson effect’’). Homogeniza-
tion at a pressure as low as 1 MPa, or even mild shearing, impairs the
agglutinating tendency of skimmed milk (Walstra, 1980). The globulin fraction
of milk, implicated by many early investigators as the agglutinin, associates
with the milk fat globules, particularly in the cold, and is not homogenization-
labile (Payens, 1964). Subsequent studies (Payens, 1964, 1968; Payens et al.,
1965; Gammack and Gupta, 1967; Payens and Both, 1970; Stadhouders and
Hup, 1970) identified immunoglobulin M (IgM) as the heat-labile agglutinin in
the globulin fraction of milk. Gammack and Gupta (1970) showed that lipo-
protein particles in the aqueous phase are a prerequisite for the rapid creaming
of milk, which supports the ecarlier observations by Hansson (1949) that
creaming of milk is enhanced by the addition of phospholipids.

Euber and Brunner (1984) proposed a mechanism for cold agglutin-
ation which involves three components: (1) the milk fat globules, (2) IgM,
the heat-labile component, which functions as a cold agglutinin; and (3) the
so-called skim milk membrane (SMM), the homogenization-labile compon-
ent, consisting of lipoprotein particles present in the aqueous phase of milk.
Euber and Brunner (1984) suggested that these components interact through
specific carbohydrate moieties. [gM can interact with both SMM and the fat
globules, whereas SMM interacts with IgM only. Fat globules can be clus-
tered to a limited extent by IgM alone, but clustering is considerably more
extensive in the presence of SMM, which acts as a cross-linking agent.
Environmental factors that affect the uptake of IgM by fat globules or
SMM include ionic strength, dielectric constant, pH and the temperature
of the suspending medium (Euber and Brunner, 1984).

Cold agglutination is influenced also by processing conditions. Agita-
tion of milk during cold storage impairs creaming, but heating milk to
40-50°C normally restores the creaming capacity of the milk on cold storage
(Merthens, 1933a). Heating milk at a higher temperature, up to ~62°C,
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improves the creaming capacity, relative to that of raw milk (Rowland,
1937). A similar increase in creaming capacity was observed after high
pressure treatment at 100-250 MPa by Huppertz et al. (2003), who showed
that clusters of milk fat globules formed on cold storage of milk treated at
200 MPa were larger than those formed in unpressurized milk. However, the
exact mechanism for heat-induced or HP-induced increases in creaming of
milk has not yet been described.

Heating milk at a temperature >62°C (Orla-Jensen et al., 1929;
Rowland, 1937), or treating it at a pressure >400 MPa (Huppertz et al.,
2003), impairs the rate of creaming of milk fat globules. Huppertz et al.
(2003) showed that clustering of milk fat globules on cold storage did not
occur in milk treated at 600 MPa. Thermal or high pressure-induced inhib-
ition of cold agglutination is probably the result of denaturation of IgM.
Heat-induced interactions of caseins or whey proteins with the MFGM may
also prevent cold agglutination (Van Boekel and Walstra, 1995). Addition of
colostral globulin to heated milk restores its creaming capacity (Keynon and
Jenness, 1958).

Clustering of milk fat globules in the cold, followed by rapid creaming,
is not a universal phenomenon. As described earlier, it occurs in bovine milk,
but not, or to a considerably lower extent, in caprine (Jenness and Parkash,
1971), ovine (Fahmi et al., 1956) buffalo (Fahmi, 1951; Abo-Elnaga, 1966;
Wahba et al., 1977; Ismail et al., 1972), camel (Farah and Riiegg, 1991) or
carabao (Gonzales-Janolino, 1968a) milk. This has been related to the fact
that clustering of milk fat globules does not occur in the milks from these
species.

Jenness and Parkash (1971) showed that milk reconstituted from cap-
rine cream and bovine skim milk creams rapidly, whereas milk reconstituted
from bovine cream and caprine skim milk shows a very low level of cream-
ing. Similar results were observed on reconstituting milk cream and
skimmed milk from bovine and camel milk, respectively (Farah and
Riiegg, 1991). The poor creaming properties of buffalo milk were attributed
to its poor clustering ability (Abo-Elnaga et al., 1966). Addition of euglo-
bulin, isolated from buffalo colostrum, considerably increased the creaming
capacity of buffalo milk (Wahba et al., 1977). Gonzales-Janolino (1968b)
observed poor creaming of mixtures of cows’ cream and skimmed carabao
milk, whereas a mixture of agglutinin-rich bovine skimmed milk and cara-
baos’ cream creamed extensively. Further experiments showed that carabao
milk lacks the homogenization-labile component (Gonzales-Janolino,
1968b). Thus, it is apparent that cold agglutination of fat globules in milk is
highly dependent on the species of origin.
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5.9. Coalescence and Partial Coalescence

When two or more emulsion droplets come into contact, a thin film of the
liquid continuous phase forms between them. Coalescence is the process
whereby liquid droplets merge to form a single larger droplet as a result of
the rupture of both this liquid film and the interfacial membrane of the
droplets. Coalescence moves an emulsion towards a thermodynamically
stable state, because it reduces the contact area between the phases (Tadros
and Vincent, 1983; Walstra, 1996; McClements, 1999).

The current state of understanding of coalescence is unsatisfactory
because of the number of variables involved and the fact that some funda-
mental problems have not been resolved fully (Walstra, 2003), but some
general understanding has been developed. The susceptibility of droplets to
coalescence is determined by the nature of the forces that act on and between
the droplets and the resistance of the droplet membrane to rupture. Coales-
cence may be induced by collisions or by prolonged contact between the
emulsion droplets. Collision-induced coalescence can be due to movement of
the droplets by Brownian motion, gravity or applied mechanical forces.
Coalescence induced by prolonged contact occurs spontaneously after the
droplets have been in contact for a sufficient period (e.g., in emulsions, which
contain flocculated droplets or droplets that have accumulated at the top or
bottom of the emulsion due to gravitational separation). The probability of
film rupture is greater if the interfacial tension, vy, is small, and if the colloidal
repulsion between the droplets is stronger (Walstra, 2003). Furthermore,
susceptibility to coalescence increases with droplet size.

Shimizu et al. (1980) reported that removal of the polar head of
phospholipids in the milk fat globule membrane by phospholipase C results
in oiling-off; thus, it appears that the polar head of the phospholipids plays
an important role in the stability of milk fat globules against coalescence.

Indirect UHT treatment can cause aggregation of fat globules, due to
partial heat coagulation; direct UHT treatment, which involves greater
turbulence and flash boiling, does not cause aggregation (Melsen and Wal-
stra, 1989). Mulder and Walstra (1974) reported that coalescence of fat
globules in cream may occur during treatment in a heat exchanger, but
Van Boekel and Folkerts (1991) could not confirm this for direct or indirect
UHT treatment of unhomogenized milk. Streuper and Van Hooijdonk
(1986) observed coalescence on UHT treatment of milk, but only if back-
pressure in the apparatus allowed some boiling of the liquid on cooling.

Whereas true coalescence is of limited importance in the case of milk
and dairy products, partial coalescence is of far greater importance, in
particular in the preparation of products such as whipped cream, butter,
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and ice cream. Partial coalescence occurs when two or more partially crys-
talline emulsion droplets come into contact. A fat crystal protruding from a
globule may pierce the film between close globules, which leads to conjunc-
tion of the globules, resulting in the formation of an irregularly-shaped
aggregate (Van Boekel and Walstra, 1981). The aggregate partially retains
the shape of the globules from which it was formed, because the fat crystal
network within the droplets prevents complete merger. Partial coalescence
differs from true coalescence in that it tends to be much faster and that, due
to the formation of irregular aggregates or clumps, it increases the effective
volume fraction of the dispersed phase. Prerequisites for partial coalescence
include the presence of a network of fat crystals in the globules (Boode ef al.,
1993) and that the fat crystals are located at the oil-water interface; if fat
crystals are totally wetted by either the oil or water phase, they do not affect
emulsion stability (Boode and Walstra, 1993).

In the case of milk fat globules, partial coalescence can lead to the
formation of irregularly-shaped granules (e.g., butter clumps), or the forma-
tion of a continuous network (e.g., whipped cream or ice cream). Walstra
et al. (1999) reported that the following factors affect the rate of partial
coalescence in milk:

o Application of a velocity gradient or shear rate increases the rate of
collision between fat globules and presses globules closer together,
thus enhancing the possibility of a protruding crystal bridging the
gap between globules. However, above a certain velocity, the rate of
partial coalescence decreases (Boode et al., 1993).

o An increased fat content increases the rate of clumping.

o The proportion of solid fat is crucial. Partial coalescence can not
occur if there are no fat crystals, but if there is too much solid fat,
there may not be enough liquid fat to hold globules together (Boode
et al., 1993).

o Fat globule size also influences the extent of partial coalescence.
Larger globules are less stable against partial coalescence, due to
the fact they have larger fat crystals and the probability of a crystal
sticking out far enough is thus higher.

o The surface layer on the globules plays an important role. Natural fat
globules are reasonably stable, but the presence of a surface layer of
protein (e.g., after homogenization or recombination) increases the
stability of the globules considerably, through colloidal repulsion.

Partial coalescence is probably also involved in a defect in unhomogenized
milk that has not been kept at a sufficiently low temperature, referred to as
“bitty cream” or “‘broken cream.” Bacterial phospholipases can hydrolyse
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up to 60% of the phospholipids in the milk fat globule membrane (O’Mah-
ony and Shipe, 1972), making the globules more susceptible to partial
coalescence, which leads to the formation of large particles of cream floating
in the milk (Stone, 1952a,b; Stone and Rowlands, 1952; Labots and Gale-
sloot, 1959). In market milk, the bitty cream defect has been largely elimin-
ated by homogenization.

5.10. Rebodying

The term “rebodying” is often used for the phenomenon whereby cooled
cream, when warmed (e.g., to 30°C) and subsequently re-cooled, becomes
more viscous, or even (at a sufficiently high fat content) solid-like (Hoff-
mann, 1999). Rebodying is caused by partial coalescence (Oortwijn and
Walstra, 1982b), and occurs in unhomogenized or weakly-homogenized
systems, in which much of the natural MFGM is retained. The extent and
nature of the rebodying phenomenon depends on the rate of cooling (which
determines whether the number [fast cooling] or size [slow cooling] of the fat
crystals increases), and the temperature history of the cream, particularly
cycling through higher and lower temperatures. Repeated rebodying can
cause fat separation. Warming cream that has undergone rebodying to
30°C, increases fat globule size, probably as a result of full coalescence of
globules that are already in the partially-coalesced state (Oortwijn and
Walstra, 1982b).

In UHT-treated whipping cream, rebodying results in clumping of fat
or the formation of cream plugs (small lumps of partially solidified fatty
material), which cannot be redispersed in the product by gentle shaking. The
fat droplets in the cream plug are aggregated and partially coalesced. Streu-
per and Van Hooijdonk (1986) reported that the firmness of the plug in
UHT-treated cream increased with increasing rate of cooling of the cream.
The formation of a cream plug in heat-treated unhomogenized cream can be
prevented completely by addition of carrageenan, in combination with an
undefined protein-fat powder (Precht et al., 1987). Dickinson et al. (1989)
introduced the term “cohesive cream” to describe a concentrated emulsion
layer in which the flocculated oil or fat droplets have become compressed
into a coherent structure that cannot be redispersed by mild agitation; these
authors also reported that the formation of cohesive cream in liqueurs is
enhanced at a low pH value, a high calcium content or a low level of
caseinate emulsifier, as well as by temperature fluctuations during storage.

Recent studies in model creams have further clarified the possible
mechanism for rebodying. For an increase in viscosity to occur on re-
cooling, it is necessary that, after the warming step, < 10% of the fat remains
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solid; if all fat is melted, rebodying does not occur (Boode et al., 1991; Noda
and Yamamoto, 1994; Mutoh et al., 2001). Sugimoto et al. (2001) observed
that the increase in viscosity on re-cooling warmed cream is accompanied by a
substantial increase in the concentration of protein on the fat globule surface
and proposed the following mechanism for an increase in viscosity on re-
cooling warmed cream. At a critical level of solid fat (< 10%) in cream, fat
crystals approach the oil droplet surface, which causes conformational
changes in the proteins absorbed at the oil-droplet surface. A rapid decrease
in the fluidity of triacylglycerols on cooling causes further changes in the
conformation and charge of the surface proteins, which leads to attraction
between serum proteins and those on the surface; this results in an increase in
viscosity and solidification of the cream. However, further studies are necessary
to establish if this mechanism also applies to dairy cream.

5.11. Factors that Affect the Surface Layers of Fat
Globules in Milk and Cream

The surface layers of the fat globules in milk are affected by various treat-
ments. Effects of homogenization are described in Sections 5.13 and 5.14;
however, other treatments such as cooling and heating, as well as environ-
mental conditions, also influence the surface layers of milk fat globules and
are described in this section.

Cooling of milk induces the release of up to 15% of phospholipids from
the MFGM (Koops and Tarassuk, 1959; Baumrucker and Keenan, 1973),
resulting in an increase in the phospholipid content of the milk plasma
(Patton et al., 1980). Cooling also causes transfer of Xanthine oxidoreduc-
tase from the fat to the plasma phase and results in the reversible adsorption
of the cryoglobulins onto the fat globules (Mulder and Walstra, 1974).
Furthermore, cooling induces the migration of copper from the milk fat
globules to the milk plasma (Mulder and Walstra, 1974). Freezing and
subsequent thawing cause considerable clumping of milk fat globules, par-
ticularly in cream, primarily caused by pressure differences in the frozen
products developing due to the different expansion coefficients of ice and fat
(Mulder and Walstra, 1974).

Heat treatment can also affect the composition of the MFGM. The
amount of protein associated with the fat globules increases on heating;
the newly-bound protein is largely denatured whey protein, particularly
B-lactoglobulin (Dalgleish and Banks, 1991; Corredig and Dalgleish, 1998).
Interactions of whey proteins with the MFGM probably occur primarily via
sulphydryl-disulphide interchange reactions (Kim and Jimenez-Flores, 1995;
Lee and Sherbon, 2002). Heating can also result in the formation of high
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molecular weight protein complexes between Xanthine oxidoreductase,
butyrophilin and denatured whey proteins (Ye et al., 2002); the kinetics of
such reactions were reported by Ye et al. (2004). If milk is heated prior to
homogenization, less whey protein is incorporated into the MFGM than if the
order of these steps is reversed (Sharma and Dalgleish, 1994). The association
of denatured whey proteins, principally B-lactoglobulin, with the MFGM
increases its protein content and reduces that of lipids proportionately.
Membrane glycoproteins, such as PAS-6 and 7, become less evident on
electrophoretic (SDS-PAGE) analysis following heat treatment (Houlihan
et al., 1992; Iametti et al., 1997; Lee and Sherbon, 2002), which may be due
to mechanical damage to the globules caused by pumping and circulation
through the pasteurizer (Iametti et al., 1997) or to their displacement by
denatured whey proteins during heating (Houlihan er al., 1992), although
the exact mechanism is thus far unknown (Lee and Sherbon, 2002). The effects
of heat treatment and homogenization on fat globules are compared sche-
matically in Figure 5.3. Heat treatment can also result in the release of H,S
from the globules and transfer of copper from plasma to globules. (Mulder
and Walstra, 1974). Heating of milk can also reduce the triacylglycerol
content of the MFGM (Houlihan et al., 1992) but conflicting results have
been published on the effect of heat treatment on the phospholipid content of
the MFGM. Koops and Tarassuk (1959) and Greenbank and Pallansch
(1961) observed a reduction in the MFGM phospholipids content on heating,
but Houlihan et al. (1992) reported that heat treatment did not influence this
parameter. In a system comprising milk fat globules in simulated milk ultra-
filtrate, warming to 45-50°C for 10 min resulted in the loss of up to 50% of
total protein from the MFGM, perhaps due to the melting of the lipid phase
and subsequent rearrangement of the globule surface (Ye et al., 2002).
Because concentration of milk by thermal evaporation can also damage
the MFGM, and drying can damage the MFGM considerably, milk to be
used for evaporation or drying is usually homogenized, to strengthen the
globule membranes by binding of caseins. Furthermore, contact with air bub-
bles can change the MFGM, which has important implications for products
such as ice cream and whipping cream, as discussed in Chapters 10 and 13.

5.12. Disruption of Globules

Fat globules are relatively fragile, particularly when the fat is liquid, and can
be disrupted readily by a number of conditions experienced in dairy process-
ing operations. Shearing, cavitation or turbulence, in particular, can damage
the MFGM and cause physical rupture and sub-division of the globules.
Rupture occurs when droplets are deformed beyond a critical value for longer
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Homogenization

Heat treatment

X

Figure 5.3. Schematic illustration of the relative effects of heating and homogenization on
fat globules in milk. MFG = milk fat globule, CM = casein micelle, WP = whey protein,
dWP = denatured whey protein.

than a critical time. Resistance to deformation is related to the Laplace
pressure and the ratio of the viscosity of the fat to that of the plasma. The
Laplace pressure refers to the difference between the pressures at the concave
and convex sides of a curved interface of two fluids. For a spherical droplet,
the Laplace pressure, P, can be expressed as (Walstra, 2003):

PL = Z’Y/R
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where vy is the interfacial tension and R is the radius of the droplet. The value fory
for native milk fat globules is very small, but increases as globules are deformed.
To disrupt a droplet, it is necessary to apply an external force, which is consid-
erably larger than P and the duration of application must be longer than the
time required to deform and disrupt the droplet (McClements, 1999).

Globules can be deformed by the shearing action of liquid; if the
viscous stress, mS (where 1 is the viscosity of milk serum and S is the velocity
gradient), equals or exceeds Py, the globule may be disrupted; this typically
requires very high velocity gradients and, even then, the ratio of the viscosity
of the milk fat to plasma protects all but the largest fat globules from shear-
induced disruption, in cases of non-turbulent flow (Walstra, 1995). Disrup-
tion occurs more readily under turbulent flow conditions, depending on the
amount of turbulent energy dissipated per unit time and per unit volume of
liquid. Such conditions are encountered only very transiently (e.g., in the
valve of homogenizers or at the top of a rapidly rotating stirrer blade).

Homogenization is a process designed to reduce the size of the milk fat
globules and thus retard separation of fat globules to such an extent that
a cream layer does not form in homogenized milk products during their
shelf-life. During homogenization, pre-warmed (~40°C) milk (in which the
fat is in a liquid state; homogenization is less effective when the fat is partially
solid) is passed through a small orifice at a pressure of 10-20 MPa. Shearing,
impact and distortion effects combine to stress the fat globules to such an
extent that they split into a greater number of smaller globules (usually <2 pm
in diameter; Figure 5.4). The principle of operation of a valve homogenizer is
shown in Figure 5.5. The extent of the reduction depends on a number of
factors, including the geometry of the homogenizer valve used, the number of
passes through the valve and, in particular, the homogenization pressure
(Walstra, 1975). The relationship between d,s and homogenization pressure
(pn) 1s given by:

logd,s =k — 0.6logpy

where the constant, k, varies between —2 and —2.5, depending on the type of
homogenizer and other processing conditions (Walstra, 1975). The principal
mechanism responsible for globule disruption during homogenization is
probably the occurence of pressure fluctuations under turbulent flow condi-
tions (Walstra, 1995). Creaming of fat globules in homogenized milk is
considerably slower than the original globules, due to the reduction in fat
globule size and the adsorption of milk proteins onto the fat globules, which
increases their density and thereby decreases the rate of rising, as well as
through inactivation of the homogenization-labile component involved in
cold agglutination.
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Figure. 5.4. Effect of two stage conventional (18/3 MPa) or high pressure (100/5 MPa)
homogenization on the volume frequency distribution of fat globules bovine milk.
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Figure. 5.5. Principle of operation of a typical two-stage homogenizer for liquid milk,
indicating the first (1) and second stages (2). (Reproduced with permission from Dairy Process-
ing Handbook, Tetra Pak Processing Systems AB, Lund, Sweden, 1995).
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Michalski et al. (2002) studied the types of particles in homogenized
milk and identified three classes:

« Disrupted globules covered mainly by caseins and some of the ori-
ginal MFGM material (the surface layer of fat globules in homogen-
ized milk is discussed in Section 5.13).

o A population of very small native fat globules of around 100 nm in
diameter that appeared unaffected by homogenization.

o Small newly formed lipid—protein complexes with a new casein-rich
membrane, a type of particle also produced by ultrsonication or
pumping. The presence of small fat globules that are apparently
unaffected by homogenization may be explained by the fact that
they are smaller than the “Kolmogorov scale” (Michalski et al.,
2002), which approximates the minimum size of particles that can
be affected at a given homogenization pressure (i.e., 320, 240, 180 or
140 nm at 5, 10, 20 or 40 MPa, respectively) (Mulder and Walstra,
1974).

In recent years, novel homogenizing devices that reduce milk fat
globule size considerably more than the traditional homogenizers by oper-
ating at a higher pressure (100-300 MPa; Figure 5.4), such as high pressure
homogenizers (Hayes and Kelly, 2003a; Thiebaud et al., 2003) and micro-
fluidisers (McCrae, 1994; Strawbridge et al., 1995; Hardham et al., 2000)
have been used. The operating principle of a high-pressure homogenizer is
generally similar to that of a conventional two-stage mechanical homogen-
izer, but it operates at a significantly higher pressure. In a microfluidiser,
forces are generated by impinging high-velocity fluid jets (Paquin, 1999). The
forces exerted by high-pressure homogenization, including shear, cavitation,
impacts, turbulence and frictional heating, can also kill bacteria, inactivate
enzymes, denature whey proteins and alter several properties of milk (Hayes
and Kelly, 2003a,b; Thiebaud et «l., 2003; Hayes et al., 2005).

Ultrasonic treatment can also disrupt milk fat globules, probably
through cavitation and other shear and shock effects (Villamiel, 1999).
Wu et al. (2001) reported that high amplitude ultrasound homogenization
of milk for yogurt manufacture achieved similar effects as conventional
homogenization.

5.13. Milk Fat Globules in Homogenized Milk and Cream

The decrease in fat globule size on homogenization results in a significant
increase in globule surface area. This new surface area is far too large to
be covered and stabilized by the original amount of MFGM material;
therefore, the surface becomes covered by casein micelles, or fragments
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thereof, with some whey proteins also becoming attached if homogenization
is combined with heat treatment (Darling and Butcher, 1978; Garcia-Risco
et al., 2002; Lee and Sherbon, 2002). The protein load per unit surface area
increases as homogenization pressure is increased, but homogenization pres-
sure has little effect on the composition of surface protein (Cano-Ruiz and
Richter, 1997). The membrane in homogenized milk is thicker than that in
fresh raw milk, and the proportion of casein in milk that becomes associated
with the fat globules has been estimated to be ~6-8% (Fox, 2002). In
extreme cases, a high protein load on the globules may lead to gravitational
or centrifugal sedimentation instead of rise in evaporated milk (Fox et al.,
1960) or homogenized raw milk (Michalski ez al., 2002), respectively.

Fat globules in homogenized milk, due to their small size and the
presence of a high level of casein on their surface, can, in effect, behave
like casein micelles, which has significant implications for the heat-coagula-
tion, acid-coagulation or rennet-coagulation properties of milk and hence
for the properties of resulting products. These effects can be positive in the
case of acidified milk products, such as yogurt, but they are generally
undesirable in the case of cheese. Fat-casein complexes may accelerate
the kinetics of coagulation, particularly heat coagulation; homogenization
reduces the heat stability of whole milk (Sweetsur and Muir, 1983).

As discussed in Section 5.9, milk fat globules are naturally susceptible
to partial coalescence or clumping. Freshly homogenized fat globules are
particularly unstable and tend to coalesce into clusters or clumps (i.e.,
homogenization clusters); these clusters are formed as a result of the sharing
of casein micelles between globules (even a single casein micelle can form a
bridge between two neighboring globules), because the amount of surface-
active material is insufficient to cover the newly formed interface (Ogden
et al., 1976; Darling and Butcher, 1978). The formation of homogenization
clusters is usually prevented by use of a second, or even third, homogeniza-
tion stage, usually at a lower pressure than the first stage (Kiesner et al.,
1997). The tendency to form homogenization clusters is enhanced by a high
fat content, small fat globule size and a high surface protein load. Intense
heat treatment before homogenization can also increase the tendency of
globules to form clusters (Walstra, 1995).

The presence of homogenization clusters increases the viscosity of
cream (Niar et al., 2000), particularly during product storage; high-fat
cream can acquire the consistency of a thick paste. This has implications
for processes where only the cream is homogenized, followed by recombin-
ation with skim milk (e.g., liquid milk processing); if clusters form, products
will cream readily. When fat is emulsified directly in skim milk, clusters
are formed if the fat concentration exceeds 12% (w/w) (Oortwijn and
Walstra, 1982b).
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At a given homogenization pressure, average fat globule size decreases
with increasing fat volume fraction up to a certain level, above which an
increase is observed (Phipps, 1983), indicating the formation of homogen-
ization clusters. In a conventional valve homogenizer, fat clustering in milk
or cream occurred at a pressure >~20 MPa (McCrae, 1994; Noda and
Yamamoto, 1996; McCrae and Lepoetre, 1996), whereas on high pressure
homogenization, milk fat globule size decreased up to 250 MPa, but in-
creased at 300 MPa, due to the formation of homogenization clusters (Thie-
baud et al., 2003). In a microfluidiser, some fat clustering occurred at
35 MPa, but none at 103 MPa (McCrae, 1994).

Homogenized milk is very susceptible to hydrolytic rancidity, as the
protective function of the MFGM has been compromised (Iametti et al.,
1997); for this reason, homogenization should be combined with pasteuriza-
tion, to inactivate lipases in milk. Several methods have been developed to
evaluate damage to the MFGM (Iametti et al., 1997; Evers, 2004). Hom-
ogenized milk is also more susceptible to the so-called “sunlight flavour” or
“light-activated flavour” defect (Dunkley et al., 1962). This flavor defect
results from conversion of methionine to methional, catalyzed by riboflavin
activated by photo-oxidation; however, the exact mechanism through which
homogenization influences this process has thus far not been described.
However, homogenized milk is less prone to copper-catalyzed lipid oxida-
tion than unhomogenized milk (Tarassuk and Koops, 1960; Dunkley et al.,
1962), which is probably due to the fact that oxidation-susceptible phospho-
lipids are more uniformly distributed throughout milk following homogen-
ization, and are less likely to propagate lipid oxidation (Tarassuk and
Koops, 1960).

5.14. Milk Fat Globules in Recombined Milk

Altered fat globule surface layers are of considerable importance in
recombined milks. Typically, in the manufacture of recombined milk, skim
milk powder, water and a source of milk fat (e.g., anhydrous milk fat;
AMF) are mixed and homogenized to emulsify the fat and yield a stable
product. Since AMF contains little, or no, MFGM material, the membrane
surrounding the fat globules in recombined milk contains no original MFGM
material; the nature of the new membrane is influenced strongly by adsorption
conditions (e.g., composition of the continuous phase, agitation, temperature,
heat treatment and fat:protein ratio). Both caseins and whey proteins are
present in the membrane of recombined milk (Oortwijn et al., 1977), but the
proportion of whey proteins in the membrane is smaller than that in milk
(Oortwijn and Walstra, 1982a; Sharma ez al., 1996a,b).
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As the ratio of protein to fat in recombined milk is increased, the
surface protein load on the fat globules increases; at higher ratios, little
further effect is observed (Sharma et al., 1996a). The protein load per unit
of surface area of the fat globules in recombined milk is influenced markedly
by the form of protein present in the continuous phase (i.e., it is markedly
higher when casein micelles are present), than when only whey protein or
sodium caseinate is present (Oortwijn and Walstra, 1979; Sharma and Singh,
1998, 1999). Furthermore, the surface protein load decreases with increasing
temperature during emulsification (Oortwijn and Walstra, 1979; Sharma
et al., 1996a) and with increasing homogenization pressure (Sharma et al.,
1996a) and is increased by heat treatment of milk prior to emulsification
(Oortwijn and Walstra, 1979; Sharma et al., 1996a). Heat treatment prior to
emulsification also increases the level of B-lactoglobulin in the membrane
(Sharma et al., 1996a).

The casein micelles on the globule surface in recombined milk often
appear to be disrupted, which may be due either to homogenization or to the
process of adsorption (Sharma et al., 1996b). The extent of disruption of
micelles in recombined milk is greater than that in freshly-homogenized milk
(Sharma et al., 1996b) and increases with the temperature of homogeniza-
tion (40-70°C; Oortwijn and Walstra, 1982a). Disruption of casein micelles
in recombined milk was not observed after fixation of casein micelles with
glutaraldehyde or addition of the surfactant Tween 20 prior to homogeniza-
tion (Oortwijn et al., 1977); the latter effect is probably due to the preferen-
tial adsorption of Tween 20 over casein micelles on the micelle surface.
Addition of surfactants before or after recombination also reduces the
protein surface load (Oortwijn and Walstra, 1979). Destabilization of casein
micelles by reducing the colloidal calcium phosphate content reduces the
protein load on the fat globules in recombined milk and alters the propor-
tions of individual caseins on the globule surface (Sharma et al., 1996a).
Sharma et al. (1996b) reported that it is far more difficult to remove k-casein
than as-casein or B-casein from the fat globule surface in recombined milk,
suggesting that part of the k-casein is associated directly with the globule
surface, which was confirmed by Su and Everett (2003).

Inclusion of certain emulsifiers prevents fat separation in UHT-
processed recombined milk, with Tween 21 being most effective; refined
monoglyceride actually enhanced creaming slightly, perhaps due to protein
displacement from surface layers, thus reducing the effective density of the
globules (Mayhill and Newstead, 1992). Addition of soy lecithin may reduce
the stability of fat globules in recombined cream against coalescence (Melsen
and Walstra, 1989).

Heating recombined milk products at 130°C at pH 6.7 leads to the
formation of chains of fat globules and casein particles, linked via the latter.
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Furthermore, at a pH < 6.7, the surface of the casein micelles on the fat
globule surface develops appendages on heating, possibly whey protein
aggregates, while those in milk of pH >6.7 remain free of whey proteins
on heating (Singh et al., 1996). Addition of AMF (without homogenization)
or homogenization (in the absence of AMF) did not influence the heat
coagulation time of the skim milk, but the heat stability of milk recombined
from AMF and skim milk is considerably lower than that of the skim milk
(Sharma and Singh, 1999). Furthermore, the heat stability of recombined
milk decreased with decreasing fat globule size, which may be linked to a
higher surface protein concentration and a lower proportion of k-casein
on smaller fat globules than on larger ones (Sharma and Singh, 1999).
McCrae et al. (1994) reported that heat-induced interactions between whey
proteins and casein adsorbed at the fat globule surface promote the heat-
induced coagulation of recombined milk. The relatively low heat stability of
recombined milk can be increased considerably by addition of soy lecithin,
either pre-or post-homogenization (McCrae and Muir, 1992).

5.15. Free Fat

“Free fat” is a term used in the literature to denote a particular parameter
that has been claimed to correlate with the degree of damage to, or stability
of, fat globules; various definitions have been given for this ambiguous term
(Evers, 2004), [e.g., “fat inside damaged globules” (Fink and Kessler, 1983),
“fat that is enclosed insufficiently by an undamaged membrane” (Kessler
and Fink, 1992) or “fat that has leaked out of globules” (Fink and
Kessler, 1983)]. Other authors have defined free fat as a method-dependent
parameter (e.g., the proportion of fat separated by centrifugation at 60°C)
(Te Whaiti and Fryer, 1975) or solvent-extractable fat (Deeth and Fitz-
Gerald, 1978).

The question of whether free fat actually occurs in milk or cream is, in
fact, controversial, with frequent suggestions that it is an artefact of the
method used for its measurement (e.g., that organic solvents can damage the
MFGM and extract some fat; Evers ez al., 2001). Walstra and co-workers
(van Boekel and Walstra, 1989; 1995; Van Boekel and Folkerts, 1991;
Walstra, 1995; Walstra et al.,, 1999) suggested that there is more than
sufficient protein in milk to cover any uncovered fat very rapidly (e.g., in
~10 ms). The efficiency of methods to quantify the level of free fat was
recently reviewed by Evers (2004), who, in agreement with Walstra (1995),
concluded that these methods have poor repeatability due to their poor
robustness (i.e., a very precise experimental control is required to obtain
repeatable results). In some cases, the extraction method used may damage
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the fat globules, thereby magnifying, or even generating, the extractable fat
level (Evers et al., 2001).

While free fat remains a controversial concept in liquid dairy products,
it undoubtedly has an important role in whole milk powder (WMP); for
certain applications (e.g., chocolate manufacture) high-free fat WMP is
favored. Keogh er al. (2003) reported that the particle size in chocolate
mixes after refining and the viscosity of the molten chocolate decreases as
the free fat content of the WMP increased; such changes have significant
implications for the mouthfeel and smoothness of chocolate. For more
information on the role of fat in milk powder, see Chapter 13

5.16. Influence of Fat Globules on Rheological
Properties of Milk and Cream

Rheological properties of emulsions are important in food science for
various reasons. Some sensory attributes (e.g., creaminess, smoothness,
thickness and flowability) of food emulsions are directly related to
their rheological properties. Furthermore, the shelf-life of many food
emulsions depends on rheological characteristics of the phases; for example,
the rate of creaming of milk depends on the viscosity of milk plasma
(McClements, 1999). The content of lactose or the whey proteins in milk
influence the viscosity of milk only little; fat content has a major influence,
although by far the greatest influence is that of the casein content
(McCarthy, 2003). The influence of milk fat globules on the rheological
properties of milk and cream, in particular the viscosity, will be discussed
in this section.

If fat globules are present as separate particles, the fat content is <40%
and the milk fat completely molten, milk and cream behave as Newtonian
fluids at intermediate and high shear rates (Phipps, 1969; McCarthy, 2003),
{i.e., its viscosity is not influenced by shear rate (1 = n x vy, where 7 is the
shear stress [Pa], i is the viscosity [Pa s] and v is the shear rate[1/s])}. For a
Newtonian fluid, Eilers’ equation (Eilers, 1941) is generally obeyed (Walstra,
1995):

1.25¢ 1?
=p |1 +—"
K o l: * 1 - ¢/¢max:|

where 7 is the viscosity of the product, 7, is the viscosity of the continuous
phase, ¢ is the volume fraction of spherical particles and ¢,,,, is the hypo-
thetical volume fraction when the particles are in the closest possible packing
arrangement. Van Vliet and Walstra (1980) showed that if ¢ is taken as
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¢bry +0.16 (¢ for casein micelles, lactose and whey proteins in skim milk
~ 0.16), 1y = 1.021er and ¢ = 0.88, values calculated from Eilers
equation are in good agreement with experimental data (Phipps, 1969).

At a temperature <40°C, milk does not behave as a Newtonion fluid;
the deviation from Newtonian flow becomes larger as the temperature
decreases (Randhahn, 1973; Wayne and Shoemaker, 1988; Kristensen et al.,
1997). Viscosity of milk decreases with increasing shear rate at a temperature
below 40°C (Randhahn, 1973), which Mulder and Walstra (1974) suggested
may be due to disruption of clusters of milk fat globules, which were formed
as a result of cold agglutination.

Rheological properties of milk and cream are influenced by various
processes (e.g., heat treatment, cooling or homogenization). McClements
(1999) reported that the main factors that determine the rheological prop-
erties of emulsions can be divided into five groups:

5.16.1. Volume Fraction of the Dispersed Phase

With an increase in dispersed-phase volume fraction, the viscosity of
an emulsion increases. This increase in viscosity is linear at a low droplet
concentration (McClements, 1999); the viscosity of an emulsion of milk fat
globules in milk plasma increases linearly with fat content up to 30% (Bakshi
and Smith, 1984; Kyazze and Starov, 2004), whereas the viscosity of low-fat
milk (<2.0% fat) increases in a near linear fashion with fat content (Phillips
et al., 1995). However, above a certain volume fraction of the dispersed
phase, the droplets in emulsions are packed so closely that flow is impaired,
giving the emulsion a gel-like character (McClements, 1999). For instance,
the viscosity of cream increases rapidly with increasing fat content when the
fat content is >50% (Prentice, 1968; Mulder & Walstra, 1974).

5.16.2. Rheology of the Component Phases

The viscosity of an emulsion is directly proportional to the viscosity
of the continuous phase; any alteration in the rheological properties of
the continuous phase results in a corresponding change in the rheology
of the whole emulsion (McClements, 1999). The rheological properties of
the dispersed phase (i.e., the milk fat globules in the case of milk and cream),
have only a minor influence on the rheology of the emulsion (Walstra, 1996;
McClements, 1999). This is illustrated well by the influence of temperature
on milk viscosity. A decrease in temperature, particularly below ambient
temperature, results in an increase in milk viscosity (Randhahn, 1973; Pren-
tice, 1992; Kristensen et al., 1997); even though considerable crystallization
occurs of fat occurs in the globules on cooling, changing the rheological
properties of the fat, increases in milk viscosity are almost completely due to
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changes in the milk serum, primarily increases in the hydration of casein
micelles (Prentice, 1992).

5.16.3 Droplet Size

The viscosity of a dilute emulsion is independent of the size of its
droplets when long-range attractive and repulsive colloidal interactions
between droplets are negligible and the thickness of the surface layer is
small compared to the droplet diameter; however, when long-range colloidal
interactions are present and/or the thickness of the surface layer is a
significant proportion of particle diameter, particle size has a considerable
effect on emulsion viscosity. The viscosity of an emulsion increases with
increasing thickness of the surface layer, due to an increase in the effective
volume fraction of the dispersed phase (Pal, 1996). Homogenization of
milk leads to an increase in milk viscosity (Whitnah ez al., 1956; Randhahn,
1973), which Prentice (1992) suggested is due to the adsorption of
casein particles on the fat globule surface, thereby increasing the effective
volume fraction of the dispersed phase. The formation of homogenization
clusters also leads to increases in viscosity of the product, as discussed in
Section 5.13.

5.16.4. Colloidal Interactions

Colloidal interactions between emulsion droplets play a primary role in
determining emulsion rheology. If attractions predominate over repulsive
forces, flocculation can occur, which leads to an increase in the effective
volume fraction of the dispersed phase and thus increases viscosity (McCle-
ments, 1999). Clustering of milk fat globules due to cold agglutination
increases the effective volume fraction of the milk fat globules, thereby
increasing viscosity (Prentice, 1992).

5.16.5. Particle Charge

The charge on an emulsion droplet can influence the rheological prop-
erties of the emulsion. Firstly, the charge determines whether droplets tend
to aggregate (see Section 5.6). Furthermore, droplet charge can also influ-
ence the rheological properties of an emulsion through the primary electro-
viscous effect (Pal, 1996); movement of a charged droplet through a fluid
results in distortion of the surrounding cloud of counter-ions, which causes
an attraction between the charged droplet and the cloud of counterions that
lags slightly behind it. This attraction opposes the movement of droplets and
thus increases the viscosity of the emulsion because more energy is needed to
cause droplets to move (Pal, 1996; McClements, 1999). This mechanism may
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be involved in the increase in viscosity observed on homogenization of milk
(Whitnah et al., 1956; Randhahn, 1973). The fat globules in homogenized
milk have a higher net negative surface charge than those in unhomogenized
milk (Dalgleish, 1984; Michalski et al., 2001b), which may, through the
primary electroviscous effect, result in increased milk viscosity, although
this has to be confirmed with experimental data.

Overall, it is apparent that, although fat globules are not the predom-
inant milk constituent affecting the rheological properties of milk and cream,
they still exhibit a considerable influence.

5.17. Conclusions

Whole milk or cream can be regarded as an emulsion of milk fat globules in
milk plasma. The physico-chemical properties of the milk fat globules
affect many properties of liquid dairy products such as milk and cream,
and as such should always be considered when studying the stability of
liquid dairy products. The physicochemical properties of the milk fat
globules can be influenced through a wide variety of processes, as described
in this chapter and, once chosen and controlled carefully, these processes
can be efficiently used to give products desired characteristics (e.g., in terms
of storage stability or rheological properties). Although much is known
concerning physico-chemical properties of the milk fat globules, and in-
stability of dairy emulsions can be controlled well with the current state of
knowledge, gathering further information concerning the physical chemis-
try of milk fat globules, and the underlying fundamental problems, remains
crucial. Pursuit of fundamental knowledge often leads to good results,
sometimes in unexpected ways. Thus, it is important to continue to en-
hance our understanding of areas such as those described in this chapter.
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6.1. Introduction

Among the components of mammalian milks, the milk fat globule mem-
brane (MFGM) is the least close to being fully understood. As a result of the
synthesis and secretion process, the fat globules in milk are composed of a
non-polar lipid core, surrounded by a layer of phospholipids and proteins.
This structure is then bounded by a membrane bilayer that is, in turn,
derived from the apical surface of the mammary epithelial cell. Substantial
biochemical investigations have been conducted to elucidate the details
involved in the synthesis, transport and secretion of milk fat globules, yet
there has been little discussion on the uniqueness of this system, and the
evolutionary forces that have led to its development. On one hand, the
complex structure of the globules may have arisen as a result of the physio-
logical constraints on the secretion process, and would therefore not be
expected to contribute a significant benefit to the health of the offspring. It
should be recognized, however, that the simple process of lipoprotein secre-
tion, which does not require the addition of extra cell bilayer surface, had
evolved well before the appearance of mammals and would presumably have
been a simple and easy alternative for fat secretion. Thus, it is also possible
that there is a nutritional or physiological benefit that may be conferred to
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the consumer of milk by the structure of the fat globules, which would have
led to the Darwinian selection of this process during mammalian evolution.

According to evolutionary theory, individuals of a species tend to be
selected over time as a function of survival and reproductive success, and
hence pass on their genetic material. Parturition is a tenuous time in the
mammalian life cycle, as the constant threat of microbial pathogens is
compounded by developmental delays in mucosal and systemic immunity
(Goldman, 2002). However, the biological role of milk is to provide a support
system that promotes metabolic regulation, assists in rapid physical develop-
ment and complements the functionally immature immune system. Conse-
quently, infants who consume breast milk experience phenotypic benefits,
which we cannot explain with our current understanding of nutrition, food
composition and structure. Although alternate formulae match the macro-
nutrient, vitamin and mineral composition of breast milk, it must be the
composite, non-essential structures in milk, not present in formulae, which
are responsible for this extent of differential benefit. The milk fat globule
membrane is composed of an interesting mixture of proteins, lipids and
carbohydrates. With its similarity to epithelial cell surfaces, it may well have
functions and activities above the simple delivery of the nutrients it contains.

In food and nutrition research, there is growing awareness of dietary
components, which, while not essential, nonetheless provide tangible benefits
to health when consumed. Many of the components of the MFGM have been
associated positively with health, whether or not the mechanism of action is
understood. Importantly, the identification and subsequent characterization
of the constituents responsible for these effects will not be as straightforward
as was the scientific research on the essential nutrients. If a nutrient is essen-
tial, removing it from the diet will always result in specific, reproducible
insults to health. Yet, food science and nutrition research has not yet been
as successful in developing research protocols to probe the importance and
function of conditionally essential nutrients. As milk contributes to the sur-
vival and fitness of mammalian young, it is not simply a participant in
evolution, but rather a driver, with simultaneous selection for efficacy and
efficiency. Therefore, it is hard to imagine that there is anything in milk,
including the MFGM, which is not interesting from a nutritional perspective.

6.2. Nutritional and Physiological Significance of
the Milk Fat Globule Membrane

Most of the literature on milk fat globules has been generated using bovine,
goat or human milk, and thus it is possible that alternate lipids may be
present in other species. However, to date this has not been reported. The
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lipids in milk are present as colloidal particles, due to their thermodynamic
incompatibility with the aqueous serum, and the assembly of these insoluble
components into stable multi-molecular units is the result of a unique
secretory process. Milk fat globules are structurally complex, as a result of
their synthesis and secretion, and it is possible to see many levels of nutri-
tional value in the various stages of their architecture. The fat globule is
primarily a core of triacylglycerides synthesized within the endoplasmic
reticulum of the mammary epithelial cell. This core of triglycerides is
bounded by a monolayer of polar lipids, such as phospholipids, derived
from the endoplasmic reticulum membrane of the cell. This layer is also
characterized by a dense proteinaceous coat located on the outside of the
triglyceride core. The entire globule, however, is surrounded by a bilayer
plasma membrane, which enrobes the globule as it exits the epithelial cell
(Keenan and Mather, 2002). The MFGM is composed of the lipids and
proteins of the epithelial cell plasma membrane, including significant quan-
tities of cholesterol, phosphatidylcholine and sphingomyelin. Additional
components unique to the external surface of the native fat globule include
glycolipids, gangliosides and significant quantities of membrane glycopro-
teins and mucins. The membrane helps to stabilize the fat globules as an
emulsion in the aqueous environment of milk. The average diameter of the
milk fat globules ranges from less than 1 pm to 10 pm (Jensen, 2002), with
three main size populations (Keenan and Patton, 1995). The small globule
distribution is centered at less than 1 um in diameter, the intermediate
globule size distribution at roughly 3-5 um, and large globule distribution
at about 8-10 um. Figure 6.1 is a scanning electron microscope image of
milk fat globules from bovine milk. Most of the globules visible in the
micrograph fall in the intermediate size range.

The colloidal properties of fat globules give rise to interesting compos-
itional features. Numerically, most globules in milk (70-90%) are less than
1 pm in diameter and yet account for less than 5% of the total milk lipid,
whereas those of intermediate size account for 10-30% of the globules, yet
90% of the total lipid. The proportion of polar lipid (phospholipids) sur-
rounding the core of neutral lipids (triglycerides, cholesterol esters) increases
as the globule size decreases but in a globule of 1 wm diameter, the MFGM
accounts for only 3% of the volume. In a 0.5um diameter globule, the
membrane makes up 6% of the globule volume. Although the membrane
makes up between 1 and 5% of the lipid fraction, the surface area of the fat
globules in 1 ml of mature human milk is estimated to be 500 cm? (Ruegg
and Blanc, 1981). In colostrum, in which the fat occurs almost exclusively as
very small globules, the proportion of membrane lipids is even higher.

To date, little attention has been given to the native structural proper-
ties of milk lipids. In particular, little is known about how these structural
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Figure 6.1. Scanning electron micrograph of a cluster of fat globules from fresh, unhomo-
genized whole milk. Sample was fixed with glutaraldehyde and post-fixed with OsOy.

features relate to the nutritional and functional properties of particular
components and the overall properties of milk as an intact delivery system.
The fact that these structures vary widely, but consistently, among all
mammalian species and at different periods of lactation implies that struc-
ture is of functional value. However, the techniques necessary to describe the
structures of lipids are not fully developed. As these techniques become
available, research must address how variations in structure influence
biological and nutritional properties.

6.2.1. Biological Significance of Native Globules

The structure and size distribution of milk fat globules affects the
presentation of the membrane surface, and the rate of lipolysis. In addition,
there are discrete compartments within the globule, which may have func-
tional consequences. It has long been supposed that the presence of a vast
MFGM surface area in milk can serve as a decoy for intestinal pathogens
that seek to adhere to epithelial cells. Certain constituents have been asso-
ciated with binding of pathogens, such as the mucins, lactadherin and gang-
liosides. Binding to host epithelial tissues is a prerequisite for infection by
some pathogens, and for many, the cognate ligands for their bacterial
adhesion are complex glycans. Indeed, as the surface of milk fat globules is
derived from the apical membrane of epithelial cells, it presents a glycan-rich
glycocalyx in milk, similar to the host epithelial cells. In colostrum, the
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majority of the globules are small, and this increases the surface area to lipid
ratio. Not surprisingly, colostrum is also the richest source of other sub-
stances involved in protection against pathogens, such as the immunoglobu-
lins and lysozyme. Although the non-covalent interactions between proteins
and carbohydrates are of low affinity and thus have equilibrium constants in
the millimolar range, multiple interactions of receptors and ligands increase
binding avidity, and make the attraction stronger.

A second functional consequence of the structure of milk fat globules is
its effect on lipolysis. Of the three lipases (gastric, pancreatic, and bile salt-
stimulated) that act on triglycerides in human infants, only gastric lipase is able
to penetrate the lipid bilayer of the MFGM to initiate digestion (Bernback
et al., 1989). Without the prior action of this enzyme in an in vitro assay, the
ability of the two other lipases to release fatty acids from milk fat globules is
greatly reduced. Furthermore, as evidenced by studies on rats, this enzyme
is more active on triglycerides containing short-chain fatty acids, which are
antimicrobial, and which are absorbed directly in the stomach (Jensen, 1989). It
has not been reported whether or not the human gastric lipase is more active
on triglycerides containing short-chain fatty acids. Putting these data together,
it is tempting to speculate that the native structure of the milk fat globule
along with the specificity of gastric lipase leads to selective hydrolysis of
short-chain fatty acids in the stomach where they provide protection against
pathogens, and also provide a ready source of energy. The result of this
enzymatic activity would then leave the fat globules more susceptible to
hydrolysis by pancreatic and bile-salt stimulated lipases in the small intestine.

In some milk fat globules, small aqueous compartments are located
beneath the membrane bilayer, which have been termed cytoplasmic cres-
cents (Huston and Patton, 1990). Whether or not this cytoplasmic inclusion
provides some benefit is unknown. Yet, as this aqueous compartment is
protected from the bulk serum phase by the MFGM, constituents located
therein are presumably afforded some protection, at least initially, from
gastric hydrolysis. Huston and Patton (1990) found crescents in all samples
of milk they examined, and they were more prevalent in human (7.3% of
globules), than in bovine (1% of globules) milk. Furthermore, there was
considerable individual and diurnal variation. The structure of a cytoplasmic
inclusion, surrounded by an intact plasma membrane on one side and a fat
globule surface on the other, may allow certain labile constituents to be
protected until they reach their proper site of bioactivity. At this point it is
not known whether the crescents have a purpose or are simply the result of
inefficiencies in the secretion process. As it is possible to isolate milk prepar-
ations enriched in cytoplasmic crescents, there is an opportunity to deter-
mine the nature of the materials found within. This unusual biocompartment
may prove to be a model of food structure for biodelivery.
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6.2.2. MFGM Consumption Studies: Physiological and
Nutritional Effects

Considering the large quantity of bovine MFGM that is produced indus-
trially each year as a byproduct in butter churning, and is available as a food
ingredient with a unique polar lipid and membrane protein profile, few studies
have been conducted to assess the physiological and nutritional effects of its
consumption. Its presence in milk suggests beneficial bioactivities, and this
perspective is reinforced by analysis of the effects on health of its individual
components. However, feeding studies are still necessary to provide scientific
evidence in support of synergisms, or perhaps antagonisms, and resolve
whether putative benefits can be detected on the system under investigation.

Not surprisingly, most of the studies performed on the health aspects
of consuming the MFGM during the past three decades have investigated
solely its effect on serum cholesterol. Several studies have indicated that the
consumption of MFGM lowers serum cholesterol, but other studies failed to
reproduce this effect. After noting low serum cholesterol in the East African
Masai, a group with a large daily milk intake, Mann (1977) reported that
the consumption of four liters of whole milk per day lowered the level of
serum cholesterol, and reduced the incorporation of radiolabelled acetate
into cholesterol. Howard and Marks (1977) fed individuals various milk
fractions in an attempt to identify the causal factor. After a two-week
study, they noticed that butterfat (80 g/day) significantly raised serum chol-
esterol, whereas an equal amount of fat as cream did not. Furthermore,
spray-dried buttermilk significantly reduced the level of serum cholesterol.
The authors concluded that the effect on serum cholesterol may involve the
MFGM. To test this hypothesis explicitly, Antila et al. (1980) fed volunteers
either cultured buttermilk or cultured skim milk, and found that while both
lowered serum cholesterol, the former was more effective. The cultured
buttermilk in this study was derived from the aqueous byproduct of butter
production, is rich in MFGM, and should not be confused with the com-
mercially available cultured buttermilk, which is produced from skim milk.

The diets used in these initial studies on the effect of consuming
buttermilk on serum cholesterol were not standardized, and involved a
small number of individuals. Hussi et al. (1981) fed a large group of healthy
volunteers with either 2.7 L/day of skim milk or 2 L/day of buttermilk or a
control diet for three weeks. All diets were standardized for macronutrient
and energy level, and all volunteers consumed the control diet for 3 weeks
prior to the study. No significant differences were found in the serum lipid or
lipoprotein profiles between the control and test groups.

The ability of MFGM to inhibit intestinal B-glucuronidase activity
was measured by Ito et al. (1993). This enzyme is a product of colonic
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enterobacteria, and when present in the colon has the ability to activate
carcinogenic precursors to carcinogens (Simon and Gorbach, 1984). Since
this activity is inhibited by sialoglycoproteins from porcine salivary glands
(Sakamoto, 1974), the possibility that sialoglycoproteins in bovine milk
might provide this benefit was investigated by Ito et al. (1993) in in vitro
enzymatic assays and, in in vivo feeding studies with mice. In the enzyme
assay, 0.2%, w/v, purified MFGM inhibited B-glucuronidase activity on
phenolphthalein-B-D-glucuronide by 90%, while k-casein at the same con-
centration inhibited the reaction by 35%. To determine whether this activity
would survive gastrointestinal transit, the authors fed mice diets supplemen-
ted with 5, 10 or 20% MFGM for five days, and measured B-glucuronidase
activity in faeces. The diets containing 5 or 10% MFGM caused 15-20%
inhibition of faecal B-glucuronidase activity, whereas when 20% MFGM
was added to the standard diet, the level of inhibition was 50%.

6.3. Composition and Bioactivity of Individual Components

In addition to being an essential structural component (emulsifies) of milk
fat globules, the MFGM is composed of many molecules that have been
associated both individually and collectively with beneficial nutritional
bioactivities. Although very few of the constituents of MFGM preparations
are essential in our diet, many components are increasingly being documen-
ted as providing specific nutritional benefits. A discussion of the current
nutritional understanding of the major constituents of the MFGM follows.

6.3.1. Phospholipids

The MFGM is a rich source of phospholipids. Dietary phospholipids
have antioxidative activity (Saito and Ishihara, 1977), as well as antimicro-
bial and antiviral properties (van Hooijdonk et al., 2000). Additionally, there
is evidence that the consumption of phospholipids can protect against
gastric ulceration (Kivinen et al., 1992). In a rat model for the ulcerative
action of HCl administered to the stomach lumen, raw rat or bovine milk, and
also pasteurized-homogenized bovine milk provided protection. However,
this effect was not found when phospholipids were removed from the milk
(Dial and Lichtenberger, 1984). In the duodenum, dietary phospholipids are
converted to their lyso-forms by phospholipases and, to a lesser extent, by
pancreatic lipase. Lysophospholipids are strong surfactants, and can cause
lysis of Gram-positive bacteria. Sprong et al. (1999) tested the effects of
phosphatidylcholine, phosphatidylethanolamine and their lyso-forms on Lis-
teria monocyogenes in cultured cells in vitro and in rats fed diets based on
lactase-treated sweet buttermilk powder. In vitro, lysophosphatidylcholine



220 R.E. Ward, J.B. German and M. Corredig

inhibited the growth of L. monocytogenes, and in rats orally infected, the
number of luminal and mucosal bacteria was significantly reduced by a
buttermilk diet compared with a skim milk diet. These investigators con-
cluded that buttermilk phospholipids might improve the resistance of the
host to infection by L. monocytogenes by enhancing the gastrointestinal
killing of this pathogen.

Milk fat contains small amounts of ether lipids, which include alkyl-
diglycerols and alkylglycerophospholipids (reviewed by Parodi, 1996). In
these molecules, the sn-1 position of glycerol has an ether-linked acyl chain,
compared to an ester-linked chain in phospholipids. While the non-polar
lipids of milk contain 0.01% by weight of these molecules, the phospholipid
fractions contains up to 0.16% by weight (Hallgren et al., 1974), and presum-
ably they partition with the MFGM in the churning of butter. Human milk
contains 10 times more ether lipids than bovine milk (Hallgren and Larsson,
1962). In the intestinal lumen of rodents and humans, dietary ether lipids are
converted to sn-1-monoalkyglycerols and absorbed, with the ether linkage
intact. They are then transported to the liver and used to synthesize mem-
brane alkylglycerolipids and plasmalogens (Blank et al., 1991; Das et al.,
1992). The biological effect of ether lipids is believed to be a result of their
influence on the properties of membranes. They have been shown to have
anticancer effects, by preventing growth and metastasis, and preventing
induction of differentiation of tumors (Berdel, 1991; Diomede et al., 1993).

6.3.2. Ceramide Sphingolipids and Glycosphingolipids

Sphingolipids are not essential nutrients but are increasingly being
recognized as important in nutrition, as was reviewed by Vesper et al.
(1999). In mammalian tissues and milk, the sphingolipids include ceramides,
sphingomyelins, cerebrosides, gangliosides and sulfatides.

Both sphingolipids and gangliosides are present in human and bovine
milk and are enriched in products such as cream and cheese. The dominant
phospholipid in milk is sphingomyelin, and it is reported to represent about
one-third of total bovine milk phospholipids (Pfeuffer and Schrezenmeir,
2001), and 38% of total human milk phospholipids (Motouri et al., 2003).
Unlike phospholipids, which are built on a phosphoglycerol backbone,
sphingolipids are based on sphingosine, an amino alcohol with a long
unsaturated hydrocarbon chain. Whereas in phospholipids both acyl chains
are linked to the phosphoglycerol backbone by ester bonds, sphingolipids
have one acyl chain linked via an amide bond to sphingosine. This core of
sphingolipids and gangliosides, N-acylsphingosine, is also known as a cer-
amide. Sphingolipids also contain a polar group, such as phosphocholine;
gangliosides are further derivatized on the polar head groups with addition
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of neutral and acidic sugars. Sphingolipids are among the most structurally
diverse categories of lipids in nature.

The profile and concentration of gangliosides in milk vary across
mammalian species. GD3 and GM3 are the predominant gangliosides in
bovine milk, whereas in human colostrum, GD3 predominates and in ma-
ture human milk, GM3 predominates (Rueda et al., 1998). GM1 has been
shown to prevent diarrhea caused by Escherichia coli and Vibrio cholerae
enterotoxins. Furthermore, a ganglioside-supplemented infant formula
modifies the intestinal ecology of pre-term infants, increasing the numbers
of Bifidobacteria and lowering that of E. coli. The proposed mechanism of
action is that soluble membranes, like that on milk fat globules, serve as false
intestinal receptors for some strains of pathogenic bacteria. GD3 and other
gangliosides are involved in mechanisms of lymphocyte activation and
differentiation, and thus milk gangliosides might function in the develop-
ment of intestinal immunity. The levels of neutral glycolipids and other
glycosphingolipids in bovine milk have been tabulated, with references, by
Jensen (2002).

The per caput sphingolipid consumption in the U.S. is estimated to be
150-180 mmol (~115-140 g) per year, or 0.3-0.4 g/day (Vesper et al., 1999).
Though there is no nutritional requirement for sphingolipids (Vesper et al.,
1999; Berra et al., 2002), studies in a rat model indicate significant benefits at
particular life stages, for example in promoting gut maturation in the suck-
ling infant. Suckling rats fed 0.5% sphingomyelin had a significantly lower
level of intestinal lactase, vacuolated cells in intestinal villi were restricted
to the tip of villi, and the Auerbach nerve plexus area of the ileum was
significantly greater than in the control group. These results suggest that
sphingomyelin plays an important role in neonatal gut maturation during
the suckling period. In additional studies (Oshida et al, 2003), suckling rat
pups were injected daily with an inhibitor of sphingolipid biosynthesis from
8 days after birth (2 days before the onset of myelination) to 17 days after
birth. The experimental group was then fed supplemental sphingomyelin
until 28 days of life. Lipid analysis and morphometric analyses of the optic
nerve showed that dietary spingomyelin contributed to myelination of the
developing rat central nervous system.

Reports indicate that the digestion and delivery of exogenous sphingo-
myelin to the intestinal cells and the interaction of these dietary components
with endogenous sphingomyelin in the intestinal mucosa are relevant to
optimal cell regulation and preventing such defects as colon cancer (Duan,
1998). There is experimental evidence that the consumption of sphingolipids
inhibits the early stages of colon carcinogenesis, as determined by the ap-
pearance of aberrant crypt foci in mice (Dillehay et al., 1994; Schmelz et al.,
1996, 1997, 2000). Dietary sphingolipids also reduce serum LDL-cholesterol
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and elevate HDL (Imaizumi et al., 1992; Kobayashi et al., 1997). These
findings have been interpreted to indicate that sphingoliplids are “func-
tional”” components of foods.

The digestion products of sphingolipids (ceramides and sphingoid
bases) are highly bioactive compounds that regulate cell growth, differentia-
tion and apoptosis (programmed cell death), all of which are processes that
are lost in cancer (Merrill ef al., 2001). Sphingolipids are involved in func-
tions that range from structural protection to signal transduction and pro-
tein sorting, and participate in lipid raft assembly (Slimane and Hoekstra,
2002). Cholesterol-sphingolipid microdomains (lipid rafts) are part of the
machinery that ensures the correct intracellular trafficking of proteins and
lipids (Ikonen, 2001).

Smith and Merrill (2002) presented a mini-review prologue for a series
covering the current understanding of sphingolipid biosynthesis, intracellu-
lar transport and turnover. In this mini-series, Merrill (2002) discussed the
fact that in vivo biosynthesis of sphingolipids is probably required although
sphingolipids are present in most foods, including the MFGM. The de novo
pathway must be controlled because so many of the intermediates are highly
bioactive, especially ceramides, which are the immediate precursors of sphin-
gomyelins and glycosphingolipids and are one of the important mediators in
signalling cascades of apoptosis, proliferation and stress responses (Hannun
and Obeid, 2002; Spiegel and Milstien, 2002). In the same mini-series, van
Meer and Lisman (2002) reviewed the role of sphingolipids in the structure
of membrane rafts, sphingolipid biosynthesis, and translocators important
in directing sphingolipid distribution in cells.

Recently, milk sphingomyelins were reported to interact significantly
with the physical state of cholesterol, which correlated positively with
reduced uptake and esterification of cholesterol by Caco-2 cells; they also
significantly reduced cholesterol absorption in mice, even at 0.1% of the diet
(Eckhardt et al., 2002). An earlier study showed the regulation of cholesterol
absorption by the content of sphingomyelin in intestinal cell membranes
(Chen et al., 1992).

Sphingolipids have also been implicated as mediators of bone health.
As a testament to their bioactive potential, two recent patents (Takada et al.,
2001a,b) describe their use as drugs. One drug containing ceramides, sphin-
gomyelins, sphingoglycolipids, and gangliosides is for the treatment of peri-
odontal diseases. Application of a solution containing gangliosides prepared
from milk to the teeth of hamsters with experimentally-induced periodontal
disease significantly suppressed the decrease in alveolar bone.

The second patent defines drugs for the prevention and treatment of
osteoporosis, fracture, lumbago, and rheumatic arthritis. These drugs con-
tain compounds such as ceramides, sphingomyelins, sphingoglycolipids and
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gangliosides, and optionally calcium, vitamin D and/or vitamin E. In ovari-
ectomized osteoporotic rats fed diets containing gangliosides prepared from
milk, milk calcium and vitamin D, the decrease in the amount of bone
minerals was suppressed.

In a commercial response to the potential value of sphingolipids as
functional food components, a patented process for preparing milk products
enriched in both phospholipids and sphingolipids was developed (Dewet-
tinck and Boone, 2002). These products are obtained by ultrafiltration of
byproducts from the direct processing of milk or from the further processing
of directly acquired byproducts. The ultrafiltration membrane used had a
cut-off value ranging from 5,000 to 20,000 Da.

6.3.3. Proteins

Although the proteins in the MFGM represent only about 1% of the
total milk protein, they are unique in their functionality. Identification of
the component proteins is based largely on electrophoretic mobility, more
specifically on sodium dodecylsulphate-polyacrylamide gel electrophoresis
(SDS-PAGE). The composition, structure and function of the proteins and
glycoproteins in bovine MFGM has been reviewed extensively (McPherson
and Kitchen, 1983; Kanno, 1990; Danthine et al., 2000; Mather, 2000; see
Chapter 4). Mather (2000) referred to the complex banding pattern of MFGM
proteins separated on two dimensional (2D) gels as evidence of the complexity
of the membrane proteome. Many of the more quantitatively abundant pro-
teins have been characterized, and Mather (2000) provided detailed informa-
tion on eight proteins, from the primary sequence to post-translational
modifications. The major proteins in bovine MFGM are: mucin MUCI,
xanthine dehydrogenase/oxidase, PAS III, CD36, butyrophylin, a group of
glycosylated proteins called PAS 6/7, and adipophilin (see also Chapter 4).

In addition to the major proteins, many bioactive constituents work at
low concentrations, and thus it is of interest to catalogue and functionally
annotate all of the proteins present. To that end, a few proteomic studies have
been conducted on human milk fat globules using 2D-PAGE gels coupled
with subsequent identification using mass spectrometry (Quaranta et al.,
2001; Charlwood et al., 2002; Fortunato et al., 2003). Global proteomic
investigations are also helping to unravel the assembly process of milk fat
globules. Wu et al. (2000) separated murine proteins from cytoplasmic lipid
droplets on 2D-PAGE gels, digested them with trypsin, and then identified the
resulting peptide fragments using tandem mass spectrometry. By comparing
the gel pattern of mammary cytoplasmic lipid droplets to that of the milk fat
globules and liver cytoplasmic lipid droplets, they were able to identify
proteins that are likely mediators of the cross-cell lipid traffic.



224 R.E. Ward, J.B. German and M. Corredig

6.3.4. Butyrophilin

Butyrophilin, the most abundant protein in bovine MFGM, has a
molecular weight of 66 000 Da. Although the function of butyrophilin is
still subject of active debate, the protein is a member of a large family of
immunoglobulins related to activity of the immune system. Most buty-
rophilin is found associated with the membrane and seems to be an integral
protein. Sequence homology studies have indicated that domains of butyr-
ophilin are highly conserved among species and may have a universal
function in protein-protein interactions. It was hypothesized that butyrophi-
lin and Xanthine oxidoreductase play an important role in the formation of
a supermolecular complex (also with adipophilin), which may be an essential
step in the assembly of the MFGM and the secretion of the fat globules
(Mather and Kennan, 1998; see Chapter 4). Disulfide bonds play a role in
stabilizing its association with the membrane. The levels of butyrophilin and
Xanthine oxidoreductase are highest in early lactation and then decrease as
lactation progresses to its midpoint. The molar ratio is reported to be between
4:1 and 3:1 (Mondy and Keenan, 1993; Ye et al., 2002). Direct evidence of a
thiol-dependent complex between Xanthine oxidoreductase, butyrophilin
and adipophilin has been shown in support of the hypothesis that membrane
association of the most abundant MFGM proteins is crucial for the secretion
process of the mammary epithelial cells (McManaman et al., 2002).

Although the function of butyrophilin is under debate, epidemiological
associations have been interpreted to suggest that it may be involved in the
etiology of the autoimmune disorders, Multiple Sclerosis (MS) and autism.
MS is an inflammatory autoimmune disease of the central nervous system
that results in demyelination of neurons due to a disruption of immunological
self-tolerance (Mana et al., 2004). The mechanistic cause of MS remains
completely unknown and a variety of hypotheses have been proposed and
tested. One hypothesis is that immunogenic determinants of important (self’)
proteins can be mimicked by food-based molecules, and this is the proposed
mechanism for the involvement of butyrophilin. Indeed, there seem to be roles
for both genetic predisposition as well as environmental factors in triggering
the onset of the disease, making it difficult to discover a single casual agent or
mechanism behind the disease. Epidemiological studies seem to suggest that
the consumption of dairy products may be one of many environmental factors
associated with higher rates of MS in susceptible individuals (Lauer, 1997).
Whereas a biological effect does seem plausible according to the data from
some of the studies, many confounding factors are present. Further studies
are needed using randomized trials to substantiate the relationship between
MFGM and the disease (Lauer, 1997).
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Butyrophylin contains an Ig-like domain that is common to an extended
family of B7-like proteins. Another member of this family is the myelin
oligodendrocyte glycoprotein (MOG), which is a central nervous system
protein thought to be an important target of the autoimmune response in
MS. The implication of butyrophilin in the etiology of MS comes as a result of
its greater than 50% peptide sequence identity to MOG. Furthermore, in an
animal model for the disease, experimental autoimmune encephalomyelitis
(EAE), MOG is a major target of the autoimmune response (Stefferl er al.,
2000). In Dark Agouti rats, which are genetically susceptible to EAE, the
authors have shown that the CD4" T cell response to intravenously injected
MOG is mutually cross reactive with the IgV-like extracellular domain of
native butyrophilin, and vice versa. Such cross reactivity of endogenous and
exogenous epitopes is known as “molecular mimicry,” and has been sug-
gested to be the cause of other autoimmune disorders. Stefferl e al. (2000)
also found that transmucosal exposure (via intranasal administration) to both
the MOG and the butyrophilin antigens modulated the severity of MOG-
induced EAE. This finding indicates that dietary butyrophilin may actually
promote oral tolerance to the antigen, and through cross-reactivity may
suppress autoimmune MOG-reactive T-cells. Speculating about a plausible
role for butyrophilin in inducing MS, the authors point out that oral tolerance
is poorly developed at birth, and exposure to dietary antigens at this time
could activate the immune system, rather than provide tolerance.

Mana et al. (2004) have shown that the link between molecular mim-
icry, environmental antigens and autoimmunity does not necessitate patho-
genesis, building on the findings that transmucosal exposure to antigens can
modulate the immune response. Working with C57BL/6 mice, a strain
genetically susceptible to EAE, they found that treatment with butyrophilin
before immunization with MOG can prevent pathogenesis, and treatment
after MOG immunization can suppress the disease symptoms. The effect
seemed to lie in the reduction of immune cell proliferation, and the reduction
of Thl related cytokines, IFN-vy, IL-2, IL-12 and GM-CSF, with an up-
regulation of IL-10. One important finding of this study is that the existence
of self-reactive antibodies does not lead to autoimmunity.

The cross-reactivity of an autoimmune antibody to butyrophilin has
also been described in autism, a developmental disorder whose etiology
includes genetic, environmental, neurological and immunological compon-
ents. Using an enzyme-linked immunosorbent assay, Vojdani et al. (2002)
demonstrated higher levels of antibodies against nine different neuron-
specific antigens, two microbial antigens and butyrophilin in the serum of
autistic children versus non-autistic controls. While this study confirms the
observation in the MS studies that antibodies raised to MOG will cross-react
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with butyrophilin, these findings do not indicate that it was butyrophilin,
and not MOG, to which the immune response was initially raised.

In both the MS and autism cases, more information is needed on the
digestion and survival of milk protein-derived peptides in the gut, their
interaction with the gut-associated lymphoid tissue, the microflora, and
their role in the disease etiology. Most critically, the basic mechanistic
understanding of immune development remains poor. The suggestion by
some scientists that dietary butyrophilin may play a role in promoting MS
and autism, and the inability of other scientists to support or refute this
suggestion is a vivid demonstration of our poor understanding of the basic
mechanisms of immunological development and the role of diet in its regu-
lation. Ironically, the ability of milk to support the appropriate immune
development of infant mammals argues that a scientific model with which to
study the effect of diet on appropriate immune development is milk itself.

6.3.5. Mucins

Mucins are high molecular weight, highly glycosylated glycoproteins
and unlike the secreted mucins of goblet cells, those in the MFGM are
present as integral membrane components (Patton et al., 1995). Milk fat
globule mucins have been detected in many species, and are thought to be
orthologues to human MUCI1. Carbohydrates may constitute as much as
50% of the mass of the mucin molecule, and sialic acid in the terminal
position of the oligosaccharide chains gives them a negative charge.
Human MUCI contains more galactose and N-acetylglucosamine, and less
N-acetylgalactosamine and sialic acid than bovine MUCI. Carbohydrate
epitopes on milk mucins have been probed using peanut, wheat germ and
jack bean lectins, which detect the T-antigen (B-D-galactosyl (1-3)-N-acetyl-
D-galactosamine), sialic acid and mannose, respectively. Both bovine and
human milk mucins show T-antigen activity and sialic acid, whereas only
bovine mucin seems to contain mannose, which is consistent with detection
of N-glycosylation on this protein. The negative charge, which results from
sialic acid, is thought to have functional implications in the prevention of
globule coalescence, or in the regulation of the fat globule size (Patton ez al.,
1995). Unlike human MUCI, which consists of a single polypeptide chain,
bovine mucin is a heterodimer that is synthesized as a monomer, and cleaved
during post-translational processing into a transmembrane domain and an
extracellular glycosylated domain. Although the two segments remain
bound noncovalently, bovine mucin is unstable to cooling and washing,
and a portion of the extracellular glycosylated domain can be recovered in
the serum phase when milk is cooled (Patton, 1999). The reason for this
modification is not known.
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As MUCI extends from the epithelial and milk fat globule membranes,
one function seems to be in providing protection for cells by acting as a
physical barrier. Schroten et al. (1992) found that components of the human
MFGM bind to S-fimbriated Escherichia coli, and that mucin showed the
highest activity. Furthermore, mucins with a molecular weight greater than
200 kDa, which were isolated from the feces of breast-fed but not from feces
of formula-fed infants, prevented the attachment of the bacteria to the
buccal epithelium. MFGM mucins also bind rotavirus and perhaps respira-
tory syncitial virus, and prevent replication (Yolken et al., 1992). Deglyco-
sylation of the mucin resulted in the loss of this activity.

To investigate the effect of gastrointestinal transit on MUCI, Patton
(1994) analyzed fecal extracts of seven breast-fed and seven bottle-fed infants
aged 20 days to 6 months using monoclonal antibodies directed against a
tandem repeat of this mucin. Fragments of 200 kDa were detected in three
of the seven breast-fed infants, but in none of those fed formula, which
would be expected, as MUCI is not present in infant formula. In a related
study, Midtvedt et al. (1994) monitored mucin degradation activity in a
group of 30 healthy Swedish children for 2 years. For those infants fed
breast milk exclusively for at least 4 months, mucin degradation was
initiated significantly later than in those who had received at least some
formula. After one year, 21 children degraded mucin completely, while all
children did so after 2 years of age.

The degradation of mucins requires the concerted action of proteases,
esterases, sulfatases and glycosidases (Hoskins, 1992). These depolymerizing
enzymes are not produced by the host, but rather by certain microbial
residents at the entrance to the colon, representing about 1% of the total
culturable fecal bacteria. They are Gram-positive, non-sporulating, obli-
gately anaerobic, and non-pathogenic bacteria, and have been identified as
Ruminococcus torques, Ruminococcus gnavus and Bifidobacterium spp. (Hos-
kins, 1992). With hog gastric mucin, which contains both the blood group A
and H determinants (carbohydrate structures), as a substrate, ruminococci
were able to degrade roughly 90% of mucin carbohydrate, while the bifido-
bacteria could degrade between 60 and 80%. The difference was attributed to
the ability of ruminocci to cleave the terminal N-acetylgalactosamine
A antigen. Further characterization of these isolates indicated that the
glycosidases produced by the ruminococci were constitutively produced,
released extracellularly, and were resistant to proteolysis, whereas, the gly-
cosidases of the bifidobacteria are cell-bound. Co-culturing of both organ-
isms led to increased overall oligosaccharide degradation and bacterial
growth, due to the cooperative contribution of glycosidases, suggesting
that this may be a characteristic feature of the gut microflora. Analysis
of the spent medium indicated the presence of L-fucose, Dp-galactose,
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N-acetylglucosamine, N-acetlygalactosamine, and the disaccharides lactosa-
mine and galactose (B1 — 3) N-acetlygalactosamine. Thus, the presence of
certain strains of bacteria enables the cooperative degradation of glycocon-
jugates, which in turn increases the nutrient availability to other members of
the gut microflora.

In the MFGM of human milk, mucin is associated with two other
glycoproteins, butyrophilin and lactadherin. Yolken et al. (1992) found that
a non-immunological fraction of human milk inhibited the replication of
rotaviruses in tissue culture, and prevented the development of gastroenter-
itis in an animal model. Further characterization indicated that virus bound
to mucin and to the associated 46 kD protein (identified as lactadherin). The
biological functions of lactadherin may be related to its ability to interact
physically with a wide variety of molecules.

6.3.6. Xanthine Oxidoreductase

The protein product of a highly conserved housekeeping gene, Xan-
thine oxidoreductase (XOR), catalyses the oxidative degradation of the
purine, xanthine, to uric acid and plays a role in the secretion of the milk
fat globule (McManaman et al., 2002). A hemizygous murine knockout of
XOR is able to initiate, but not sustain, fat globule secretion (Vorbach et al.,
2002). Although the role of this protein in milk is not completely under-
stood, it is thought to act outside of its characterized enzymatic role. XOR
may have a functional role against pathogens, playing a part in the
overall immune activity provided by milk (Vorbach et al., 2003). The anti-
microbial activity of XOR is a result of generating reactive oxygen and
nitrogen species (ROS and RNS, respectively), and has been recognized
for decades (Green and Pauli, 1943; Lipmann and Owen, 1943). Early
studies used high enzyme concentrations, high oxygen tensions, and the
effect was monitored by plate counts. The antimicrobial effects were attrib-
uted to the generation of the ROS, hydrogen peroxide. Using a strain of
Escherichia coli that expressed a constitutive luminescent reporter, Hancock
et al. (2002) showed that both bovine and human milk had bacteriocidal
activity, and that it was reduced by boiling the milk, or by the addition of an
XOR inhibitor, oxypurinol. The assay was conducted under hypoxic condi-
tions, and was dependent on nitrite, presumably for the generation of RNS.
When a little oxygen is present, nitric oxide (NO) and superoxide are
formed, and can react to form the powerful bacteriocidal agent, peroxyni-
trate. As the Ky of XOR for nitrite is in the millimolar range and as some
bacteria produce this concentration as a result of nitrate reductase, Hancock
et al. (2002) suggested that the metabolism of the bacteria may result in their
own undoing.
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6.4. Fractionation and Technological Significance of
Milk Fat Globule Membrane Material

MFGM is found in significant quantities in dairy products such as cheese,
cheese whey, butter and buttermilk. Milk fat globules are concentrated in
cream and during the manufacture of butter the fat globules are disrupted
mechanically. This process destabilizes the oil-in-water emulsion and results
in two phases, fat granules and an aqueous phase rich in MFGM. The latter
phase is traditionally called buttermilk, and is different in composition from
the cultured product available commercially (Corredig and Dalgleish, 1998a).
This byproduct of the industrial production of butter is enriched in MFGM.
Figure 6.2 shows the presence in buttermilk of MFGM fragments and casein
micelles (shown as elongated and round structures, respectively).

Increased recognition of the nutritional significance of components of
the MFGM has led to a number of studies dedicated to the extraction and
production of MFGM from buttermilk. Specific processes have been
designed to obtain MFGM isolates free from other milk constituents, with
the explicit objective of their use as bioactive and functional food ingredients.
The differences in composition between isolates produced from different

Figure 6.2. Electron microscopy image of buttermilk sedimented by centrifugation. The
sample was fixed with glutaraldehyde and post fixed with OsOy4. Bar = 0.70 wm. Fragments of
the MFGM are clearly visible.
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sources and using alternative processes are not yet understood. However,
understanding how different methodologies used to produce MFGM affect its
composition will allow for fractions to be produced with unique functional-
ities, and could increase the value of buttermilk as a food ingredient.

6.4.1. Effect of Processing on the Composition and
Functionality of the MFGM

Agitation, cooling and ageing are just a few of the processes that cause
changes to the composition of the MFGM post secretion (Evers, 2004).
Table 6.1 summarizes some of the work reported in this area. It is important
to note that the results of the analysis of the composition of MFGM may be
affected by differences in the isolation method used. Despite careful handling
of the fat globules in raw milk, supermolecular complexes between the
MFGM proteins, Xanthine oxidoreductase, butyrophilin and adipophilin,
are found in native milk fat globules. These large protein complexes funda-
mentally affect not only the biological functionality of the MFGM compon-
ents, but also their stability and their changes with processing. While in fresh
whole milk, the membrane consists mainly of phospholipids and MFGM
proteins, on heating, the fat globule surface becomes coated with a layer of
denatured proteins derived from the serum phase of milk (mainly whey
proteins) (Dalgleish and Banks, 1991), and this effect is even more pro-
nounced in cream (McPherson et al., 1984). Very little is known about the

Table 6.1. Factors that affect the structure and composition of the MFGM

Chemical/enzymatic

Loss of membrane components, ions,

adsorption of milk plasma components, Anderson et al. (1972); Walstra (1983);
enzymatic activity McPherson and Kitchen (1983).
Physiological

Diet, breed, stage of lactation Anderson and Cawston (1975); Mondy

and Keenan (1993).
Handling and processing

Pumping, stirring, agitation McPherson and Kitchen (1983).
Air Van Boekel and Walstra (1989).
Cooling and ageing Anderson et al. (1972).
van Boekel and Walstra (1989); Sharma and
Homogenization Dalgleish (1993); Lee and Sherbon (2002).

Dalgleish and Banks (1991); McPherson et al.
(1984); van Boekel and Walstra (1995); Corredig
Heating and Dalgleish (1996); Ye et al. (2002).
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changes that occur in the phospholipid fraction of MFGM with thermal
processing.

When fat globules are heated in the absence of serum proteins, high
molecular weight complexes form between butyrophilin and Xanthine oxi-
doreductase in less than 10 min at a temperature as low as 60°C (Ye et al.,
2002). In the presence of whey proteins, large amounts of B-lactoglobulin
and a-lactalbumin associate with the MFGM (Corredig and Dalgleish,
1996; Ye et al., 2004). Direct evidence of heat-induced covalent disulfide
interactions between whey proteins and MFGM proteins can be obtained by
electrophoresis and isoelectric focusing of the heated MFGM (Kim and
Jiménez Flores, 1995; Corredig and Dalgleish, 1996; Ye et al., 2002). The
heat-induced formation of protein complexes on the surface of the MFGM
may include denaturation of the individual proteins with the formation of
aggregates containing MFGM proteins alone (butyrophylin, Xanthine oxi-
doreductase, PAS6/7) or MFGM proteins with whey proteins. The details of
these reactions have been described by Ye et al. (2004).

Mechanical treatments such as agitation, pumping and high shear can
cause changes in the composition of the MFGM, as well as changes in the
size of the fat globules (McPherson and Kitchen, 1983). Homogenization is
often employed to reduce the size of the fat globules, improve stability and
delay creaming. During homogenization, the interfacial area increases sign-
ificantly. Rearrangement of the original MFGM material occurs and con-
siderably more protein is necessary to cover the newly formed interface. For
this reason, casein micelles are adsorbed on the milk fat globules. This effect
explains the observation that the fat globules in homogenized milk have a
much higher protein load than untreated fat globules (Sharma and Dalgle-
ish, 1993). Homogenization and heating are unit operations that are usually
combined during milk processing. Differences in homogenization as well as
the conditions of thermal treatment result in differences in the protein load
on the MFGM surface and alter the ratio of whey proteins to caseins
(Sharma and Dalgleish, 1993, 1994).

The formation of complexes between skim milk-derived proteins and
MFGM proteins is of significance in milk processing. For example, the
association of a-lactalbumin and B-lactoglobulin with the MFGM, which
occurs with heat treatment, strongly affects the functional properties of
MFGM isolates when used as ingredients in foods. Furthermore, the stabil-
ity of oil-in-water emulsions prepared with MFGM isolates depends on the
heat treatment of the original cream. The functional properties of the
MFGM extracted from thermally-treated creams decrease as a result of
heat treatment, even at a mild temperature (65°C) (Corredig and Dalgleish,
1998b).
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6.4.2. Isolation of MFGM

Various bench-top extraction protocols have been developed to isolate
MFGM for compositional analysis, and to facilitate an understanding of the
secretion process of the fat globules. These investigations have provided
strategies for the isolation of this material on a large scale. To achieve
optimal isolation of the MFGM components (proteins and phospholipids),
extractions should be carried out on freshly collected milk that has not been
cooled (Mather, 2000). The unit operations used during the storage and
processing of milk cause major changes to the MFGM, as has been demon-
strated by the compositional analysis of the material extracted from various
sources (for example, raw milk, heat-treated milk or cream).

In general, the common steps for the isolation of the MFGM include
concentration of the fat globules (cream) using gravitational separation
(often centrifugation), a series of washing steps to remove contaminants
which adsorb loosely to the globules, and finally a step to destabilize the
emulsion and separate the lipid and aqueous phases. These steps are general
and common to bench-top and processing practices. The main difference
between MFGM extracted in the laboratory versus that produced as a
byproduct of industrial butter production is that the former is handled
more carefully, and is washed and extracted using detergents, high speed
centrifugation or salting out (McPherson et al., 1984). A physical method
such as strong agitation, churning or freeze-thawing is usually used to
destabilize and rupture the MFGM.

Unlike the preparation obtained using laboratory isolation proced-
ures, which normally include various steps to wash the fat globules to
remove loosely associated contaminants, industrially processed buttermilk
contains a large amount of serum proteins. Butter is prepared from cream
containing of about 40% fat, and large amounts of caseins and whey proteins
are still present in the aqueous phase. Buttermilk has physico-chemical
properties similar to those of skim milk: it contains casein micelles with
similar size and zeta-potential to those in skim milk, and a similar amount
of total protein and protein soluble at a pH of 4.6 (O’Connell and Fox,
2000). In spite of the similarities in protein composition with skim milk,
buttermilk is very distinct from any other dairy product and is recognized as
a valuable source of phospholipids (Malmsten et al., 1994; Sachedva and
Buchheim, 1997). Sphingomyelin, phosphatidylcholine and phosphatidyl-
ethanolamine are present in an approximate ratio of 1:1:1 and represent
most of the phospholipids in the MFGM (Parodi, 1997). This ratio makes
the phospholipid extracts from the MFGM unique compared to the other
sources of lecithin (egg and soy, for example). In spite of the availability of
large amounts of these high-value components, buttermilk is still viewed as a
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by-product and has very few applications as a value-added functional ingre-
dient, mainly because to its low stability to oxidation.

A byproduct of cheese manufacture, whey cream, is the fat fraction
separated from whey after removal of the curd and is also a good source of
MFGM. Whey cream contains less skim milk-derived proteins, and MFGM
can be recovered from the aqueous phase, which results from the destabil-
ization of the fat globules. Whey cream, buttermilk as a by-product of the
manufacture of whey butter, butter serum from the manufacture of anhyd-
rous milk fat and buttermilk are less valuable than skim milk, because of the
polyunsaturated fatty acids present, which are labile to oxidation. When
compared to skim milk, buttermilk has high batch-to-batch variability, a
characteristic that limits applications in food processing. All the processing
steps involved in the production of buttermilk affect the interactions of the
serum proteins with the MFGM. For this reason, a better understanding of
the factors underlying these interactions, coupled with careful control of the
processing parameters will be necessary to obtain products of consistent
quality. Currently, this is often not the case for buttermilk and whey
cream, as their processing history is not fully controlled. This presents
an opportunity for research to resolve the inconsistencies found in these
byproducts, by understanding how changes in the functionality of MFGM
relate to the variations in manufacturing conditions.

Improvement of membrane separation technology has resulted in the
isolation of MFGM-enriched material from commercially available prod-
ucts. A phospholipid-rich fraction can be extracted from whey (Boyd et al.,
1999) and buttermilk (Sachedva and Buchheim, 1997) with a reported
yield of 0.25 g of phospholipids/g of protein in buttermilk (Sachdeva and
Buchheim, 1997). Microfiltration of whey derived from the Cheddar cheese
process, using 0.2 wm ceramic filters results in a fraction containing two
major phospholipids, phosphatidylcholine and phosphatidylethanolamine,
and lesser amounts of phosphatidylinositol, phosphatidylserine, sphingo-
myelin and cerebrosides (Boyd et al., 1999). The phospholipid fraction
separated from the total lipids contains a larger proportion of mono- and
polyunsaturated fatty acids (mainly oleic, Cyg.; and linoleic, C;g.,) compared
to the total lipid and the neutral lipid fraction (Boyd et al., 1999).

While in the laboratory it is possible to extract a MFGM fraction free
from contaminants, although with some losses of membrane material during
the washing steps, the isolation of MFGM from commercial dairy products
is more challenging. In addition to the MFGM polypeptides, buttermilk and
whey may contain significant amounts of components derived from skim
milk (whey proteins, caseins). Only a few reports describe the separation of
MFGM from casein micelles (Sachdeva and Buchheim, 1997; Corredig and
Dalgleish, 1998c; Corredig et al., 2003), which are comparable in size to the
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MFGM fragments, and cannot be isolated by filtration only. The primary
challenges are not in the optimization of MFGM fractionation with little
protein contamination, but in scaling up of the technology. MFGM material
can be separated from the other proteins and lactose in commercial butter-
milk using centrifugation, by adding agents that disrupt the casein micelles
and increase casein solubility (Corredig and Dalgleish, 1998c); however, this
technique is not applicable to industrial-scale separation of MFGM. Differ-
ent buttermilk fractions can be prepared by adsorbing the MFGM material
on different types of biosilicates. These materials selectively extract the
high molecular weight fraction of the MFGM from buttermilk, and have a
higher binding affinity for phospholipids than neutral lipids (Fryksdale and
Jiménez-Flores, 2001).

The caseins can be precipitated by treating buttermilk with rennet or
citric acid. The phospholipid-rich serum can be filtered using 0.2 pm mem-
branes with good recovery of the MFGM fraction. The yield varies depend-
ing on coagulation conditions, especially pH (Sachdeva and Buchheim,
1997).

Microfiltration has shown the best potential to extract MFGM-rich
fractions from buttermilk. Microfiltration with a small nominal pore-size
membrane (0.1 pm) is often used to produce micellar casein, native phos-
phocaseinate, or to modify the ratio of caseins in milk (Mistry and Maubois,
1993; Pouliot et al., 1994). Phospholipids can be concentrated using a 0.1 wm
membrane (Morin et al., 2004). The use of reconstituted buttermilk, rather
than fresh buttermilk, results in compositional differences in the final prod-
uct (Morin et al., 2004). However, microfiltration alone cannot achieve
complete separation of MFGM lipids and proteins from caseins and whey
proteins. Because of the comparable size of the components, retention of
caseins during microfiltration of buttermilk can be reduced by increasing the
amount of soluble casein (Corredig et al., 2003). The separation of MFGM
from skim milk-derived caseins can be achieved by filtering through 0.1 pm
pore size membrane after addition of sodium citrate to buttermilk. This
optimizes the retention of fat and the high permeation of the caseins, and
results in an enriched fraction from buttermilk containing about 80% of
MFGM material (Corredig et al., 2003). MFGM-enriched fractions
obtained from buttermilk, although containing a significantly reduced
amount of caseins, still contain a large amount of whey proteins (Corredig
et al., 2003). The lack of permeation of whey proteins, especially B-lactoglo-
bulin and to a lesser extent a-lactalbumin, shows the strong binding of whey
proteins with MFGM components. The protein aggregates containing whey
proteins are large enough to be retained during microfiltration and these
complexes may be heat-induced polymers of whey proteins or, more likely,
complexes with skim milk proteins (e.g., k-casein) or MFGM proteins.
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A combination of microfiltration (with 0.8 wm pore-size membranes)
and supercritical fluid extraction has also been used to obtain MFGM
isolates rich in phospholipids (Astaire et al., 2003). Supercritical fluid ex-
traction can be used to extract lipid and lipid-soluble materials from com-
plex matrices. Analysis of the extracts obtained by first concentrating
buttermilk by cross-flow microfiltration and then extracting the concentrate
using supercritical fluid to remove the neutral lipids showed that the MFGM
isolates contained a significantly reduced concentration of non-polar
lipids and an increased concentration of polar lipids derived from the
MFGM (Astaire et al., 2003). Although it is possible to obtain a phospho-
lipid-rich extract using this technology, it would be quite expensive and skim
milk-derived material would still be present in significant quantities as
contaminants.

6.4.3. Application and Utilization of MFGM as a Functional
Ingredient in Foods

Although some components of buttermilk, butter serum or whey cream
could, potentially, be isolated and marketed as dietary supplements, these
products are also valuable when added to foods because of their functional
properties as ingredients. Buttermilk has traditionally been considered to
have superior functionality compared to skim milk in bakery and ice cream
manufacture, because it contains MFGM material. For this reason, it is often
used as an ingredient in food products because of its emulsifying properties
and in low-fat products to improve flavor and texture. For example, the
incorporation of ultrafiltered buttermilk into reduced-fat cheese improves
the mouth-feel, body and meltability of the cheese. The addition of buttermilk
to cheese milk increases the yield of low-fat Cheddar cheese by increasing the
moisture content (Mistry et al., 1996; Turcot et al, 2001). The presence of
MFGM has also been reported to improve the stability of processed foods
(e.g., the addition of buttermilk enhances the heat stability of reconstituted
evaporated milk) (Singh and Tokley, 1990).

Another suggested use for buttermilk solids as a value-added ingredi-
ent is to stabilize certain food matrices against lipid peroxidation (Wong and
Kitts, 2003). Buttermilk solids are ineffective in delaying the onset of lipid
oxidation, but reduce the severity of lipid oxidation during propagation. The
concentrations tested were 0.1-0.2% in emulsion models, and at the same
concentrations, whey proteins were less effective (Wong and Kitts, 2003).
The antioxidant activity of buttermilk cannot be attributed solely to the total
sulphydryl content. In fact, heating reduces the total sulphydryl content of
buttermilk to levels lower than those reported for milk and whey (Taylor
and Richardson, 1980).
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MFGM fractions isolated from native milk fat globules have shown
high surface activity. The measured interfacial tension on surfaces covered
by native MFGM is similar to that coved by caseins (Chazelas et al., 1995).
These results confirmed other research reports on the emulsifying properties
of untreated MFGM fractions. MFGM can be used as an emulsifier in
reconstituted milk fat emulsions; MFGM can stabilize 25 x its mass of
milk fat, forming droplets comparable in size to those in homogenized
milk (Kanno, 1989; Kanno et al., 1991). Model soy oil-in-water emulsions
are also stabilized at neutral pH by MFGM prepared from untreated
cream, but they are unstable at low pH (Corredig and Dalgleish, 1998c).
The newly-formed oil droplets, covered by MFGM material, behave differ-
ently from emulsions stabilized by other milk proteins: no displacement
occurs on the addition of small molecular-weight surfactants, and the add-
ition of B-lactoglobulin or caseins after emulsification does not seem to affect
the composition of the interface. In all these studies, the MFGM material
was derived from cream, which had not been treated and no other protein
was present in solution during emulsification.

The behavior of buttermilk as an ingredient in foods may be attributed
in part to the presence of the MFGM, but it is predominantly determined by
the presence of the skim milk-derived material, especially caseins (Corredig
and Dalgleish, 1998a). Whey proteins and caseins constitute a large percent-
age of the total functional protein in commercial buttermilk. For this reason
the functional properties of buttermilk result from the contribution of both
skim milk-derived proteins and MFGM material. When buttermilk powder
is used to prepare oil-in-water emulsions, caseins make up about 50% of the
total protein adsorbed at the interface (Corredig and Dalgleish, 1998a). In
these emulsions, the MFGM material does not show preferential adsorption
over skim milk proteins and large aggregates are adsorbed at the interface.
The behavior of oil-in-water emulsions prepared with buttermilk is different
from that of skim milk, as in skim milk-stabilised emulsions less protein is
needed to stabilize the oil droplet surfaces than in buttermilk-stabilised
emulsions. In addition, preferential adsorption of the caseins over the
whey proteins takes place in homogenized skim milk but not in buttermilk
(Walstra and Oortwijin, 1982).

The functional properties of the MFGM fragments present in butter-
milk cannot be related directly to those of MFGM extracted from untreated
cream, because the processing history of MFGM strongly influences its
functional properties. Treatment at a temperature as low as 60°C affects
the emulsifying properties and solubility of MFGM isolates. MFGM frac-
tions prepared from various heat-treated creams contain considerable
amounts of associated whey proteins, and their emulsifying properties are
poor compared to those of MFGM material extracted from unpasteurized
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cream (Corredig and Dalgleish, 1998b). The decrease in emulsifying proper-
ties and solubility are related directly to the amount of whey protein asso-
ciated with the MFGM and the temperature applied (Corredig and
Dalgleish, 1998b). Such changes in functionality of the MFGM with heat
treatment and processing need to be understood to explain the variability of
the sources of buttermilk available commercially. The functionality of
MFGM prepared from heat-treated cream can be modified by proteolysis
with trypsin or chymotrypsin. When adsorbed onto oil droplets, the MFGM
isolated from treated buttermilk (commercially available) is more accessible
to enzymatic treatment than MFGM prepared from untreated cream
(Corredig and Dalgleish, 1997). In addition, the emulsifying properties of
the MFGM preparations can be improved by treatment with trypsin or
chymotrypsin.

6.4.4. Conclusions and Future Research Directions

Living mammals are the progeny of those for whom lactation was
successful. The genetic legacy of the relentless selective pressure on milk as
a nourishing food is encoded in the genes responsible for milk production
(i.e., the milk genome). From the compositional information, which exists
on milk from different species, at different stages of lactation and in response
to various external inputs, it is clear that this biomaterial is highly dynamic.
To be successful in competitive habitats, lactation must be effective in
providing nourishment and protection for the neonate while not excessively
taxing the mother’s resources. As is true for much of molecular evolution,
many of the components of milk have been co-opted from other functions in
biology, and in most cases it is not clear why. Yet, it can be argued that
components that provided no benefit, or which were no longer needed,
would tend to be lost over time. Against this background of evolutionary
selection, comparative milk genomics becomes a relevant scientific endeav-
our for beneficial nutritional bioactivities. The challenge to the nutritional
and food sciences is to understand the molecular basis of these benefits.
Understanding how milk functions will ultimately allow similar benefits to
be extended to other foods and other consumers.

The arrival of the genomic age offers a range of new tools for scientists to
approach these complex biological questions. The assembly of vast nucleotide
and protein sequence databases, together with the concomitant development
of the bioinformatic tools to analyze them, gives researchers a unique window
into the mammalian genome information space. As the first pass sequencing
of the human genome is now largely completed, work has begun to annotate
all the genes for their endogenous function. The inherent power of this
approach is that the databases are additive, and integrative. As proteins are
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identified as constituents of the MFGM, the following information should
contribute to an understanding of their function, such as the primary
sequence, domain structure, and function in other cell types. Identification
of the genetic basis for milk components specific to particular functional
motifs, coupled with the physiological knowledge of their mechanisms of
action will give insight as to how these components are functioning.

The MFGM contains a large amount of components that contribute to
the compositional diversity in milk. In addition, numerous MFGM constitu-
ents have recognized bioactivity. While research continues to reveal evidence
of the relationship between dietary consumption of MFGM and enhanced
health, more research is needed to understand the functionality of the various
components present in this material. The process engineering of dairy streams
could be modified to take advantage of the MFGM if such information was
available. For example, at present, high heat is applied to cream for butter
processing; if a less, severe heat treatment was used, highly functional MFGM
material would be available, which could be marketed as a value-added
ingredient for its nutritional functionality as well as its processing function-
ality (e.g., as an ingredient that improves texture and mouth-feel).

Only a few reports are available on the preparation of MFGM from
commercially available sources and the opportunities to exploit fully the
utilization of MFGM as a functional material are so far limited by the lack
of available products and commercially feasible preparation methods. The
development of methods for the extraction of MFGM from buttermilk
through microfiltration may increase the opportunity to produce this ingre-
dient on a commercial scale. On the other hand, before the economics of
such processes can be appreciated, the unique functionality of MFGM
isolates needs to be understood better.

The conditions to which fat globules are subjected during processing
compromises the native structure and composition of the MFGM and are
likely to have dramatic consequences on its functionality. Hence, greater
exploitation of the value of MFGM may require redesigning of some of the
dairy processes to which the globules are subjected.
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Crystallization and Rheological
Properties of Milk Fat

A.J. Wright and A.G. Marangoni

7.1. Introduction

The crystallization behavior and rheological properties of milk fat are ex-
tremely important to the processing and texture of dairy and dairy-based
foods. For example, the crystal network structure of butter depends on its
composition and the crystallization behavior of the milk fat present. In turn,
these properties determine the end use applications, spreadability, mouth-
feel, appearance and even the taste of butter. In this chapter we will review
current understanding of milk fat crystallization, structure and mechanical
properties. Manipulation strategies for altering the properties of milk fat,
including improved butter consistency, will also be discussed. Finally, three
case studies establishing the links between milk fat composition, crystalliza-
tion, structure, and rheological properties will be presented.

7.2. Crystallization of Milk Fat

7.2.1. Introduction

The principal determinant of butter consistency is the ratio of solid to
liquid fat (Rohm and Weidinger, 1993). Therefore, the extent of crystalliza-
tion is critical to the texture of butter. Milk fat is composed of literally
hundreds of unique and varied triacylglycerol (TAG) species (Jensen et al.,
1991). This results in milk fat having complicated crystallization, melting,
and rheological behaviour (Mulder, 1953; Hannewijk and Haighton, 1957).
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Both compositional and processing conditions influence crystallization.
Composition varies with season, region and breed of animal (deMan and
Wood, 1958a). For example, butter produced during the winter tends to
have a higher level of palmitic and less oleic acid than butter produced
during the summer. This results in a lower iodine value (IV) for winter butter
(~36 versus ~30) and a firmer consistency (Prentice, 1972). The texture
of butter depends on many interrelated parameters, although fatty acid
composition and positional distribution are very important because they
determine melting temperature (Kleyn, 1992). Fatty acid chain length and
IV account for much of the variation in butter firmness. A change in IV of
3% can effect a 50% change in firmness (Hayakawa et al., 1986).

Processing conditions also impact on the crystallization and ultimately
the rheology of milk fat. For example, continuously churned butter is
typically harder and less spreadable than conventionally batch-churned
butter (deMan and Wood, 1958a). The external factors that can influence
the crystallization of milk fat include temperature (Tverdokhleb and
Gulyaev-Zaitsev, 1966; Herrera and Hartel, 2000a; van Aken and Visser,
2000), cooling rate (deMan, 1964; Schaap and Rutten, 1976; Herrera and
Hartel, 2000a), scale of operation (Saxer and Fischer, 1983), agitation
(Black, 1975; Schaap and Rutten, 1976; Keogh and Higgins, 1986; Grall
and Hartel, 1992), and storage conditions (Mortensen and Danmark, 1982a;
Precht, 1988). The state of fat dispersal also has an influence on crystalliza-
tion behavior (Mulder and Walstra, 1974). Differences between TAG crys-
tallization in the bulk and emulsified states have been noted by several
groups (Mulder, 1953; Mulder and Walstra, 1974; Phipps, 1957; Skoda
and van den Tempel, 1963; Walstra, 1975b; Walstra and van Beresteyn
1975a; van Vliet and Kloek, 1995). In general, finely dispersed fats require
high supercooling and have a low crystallization rate. This is explained
by differences in nucleation between the two systems (Walstra and van
Beresteyn, 1975a). The behavior of butter will lie somewhere between that
of globular and continuous fat (Mulder and Walstra, 1974).

Crystallization refers to the change from a liquid to a solid state and is an
exothermic process. It involves nucleation, crystal growth and crystal re-
arrangements. Crystallization is influenced by both kinetic and thermodynamic
factors (Sato et al., 1989). The kinetics of milk fat crystallization have
been reviewed by many groups, including Grishenko (1959), deMan (1963a),
Tverdokhleb and Gulyaev-Zaitsev (1966), Mulder and Walstra (1974), Walstra
and Jenness (1984) and Walstra et al. (1994). Kinetic parameters involved in
milk fat crystallization include the clustering of molecules, molecular adsorp-
tion, diffusion, solvation/desolvation and conformational rearrangements. The
surface-melt interfacial free energy and the crystallization temperature are
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thermodynamic parameters, which influence crystallization (Sato et al., 1989).
The temperature at which a fat is crystallized is a major determinant of the
reaction kinetics and resultant structure. Temperature determines the extent of
supersaturation and represents the driving force for nucleation.

7.2.2. Nucleation of Milk Fat

When a fat is cooled to a temperature below its melting point, the
molecules are “supercooled”. Supercooling is equivalent to supersaturation
and is the thermodynamic driving force for crystallization to occur. In this
non-equilibrium state, molecules begin to aggregate into tiny clusters (i.e.,
embryos), which continuously form and dissolve until some critical size is
reached. At this point, the cluster is referred to as a nucleus (Garside, 1987).
Nuclei form only when the energy associated with the latent heat of crystal-
lization is greater than the energy needed to overcome the increase in solid
surface area (Timms, 1995). The critical radius at which nuclei are stable
depends on temperature. At low temperatures, smaller clusters are stable
because of decreases in the solubility of TAGs and increases in the free
energy change (Lawler and Dimick, 1998). Larsson (1994) suggested that,
rather than forming spherical nuclei, TAG molecules probably align lat-
erally and then arrange into bilayers that reach a critical size.

Three types of nucleation are generally discussed for fats: primary
homogeneous, primary heterogeneous, and secondary. Homogeneous nucle-
ation occurs in pure solutions in the absence of foreign materials or inter-
faces. In milk fat, this type of nucleation is very rare. It can occur only at very
high degrees of supercooling, at temperatures near or below 0°C (Walstra
and van Beresteyn, 1975a). More often, nucleation is heterogeneous in
nature. Heterogeneous nucleation is catalyzed by the presence of foreign
particles or interfaces. It requires a much lower level of supercooling (van
den Tempel, 1968; Garside, 1987; Boistelle, 1988). Secondary nucleation is
very important in milk fat crystallization (Walstra, 1998). During secondary
nucleation, nuclei form upon contact with existing crystals (Larsson, 1994).
This is promoted by agitation, which breaks apart existing crystals and
increases the solid surface area.

Differences in nucleation explain the differences observed between
crystallization in the bulk and emulsified states. In bulk fats, only a small
number of nuclei are needed to induce crystallization. However, when the
same fat is emulsified, each fat droplet must contain a nucleus or impurity in
order to crystallize, the probability of which is low. As a result, the emul-
sified fat requires more supercooling (i.e., to a lower temperature) in order to
nucleate (Walstra et al., 1994).
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7.2.3. Growth of Milk Fat Crystals

The rate of crystal growth is determined by the degree of supersatur-
ation, the rate of molecular diffusion to the crystal surface, and the time
required for TAG molecules to fit into the growing crystal lattice (Mulder
and Walstra, 1974; Walstra, 1987). Compared to nucleation, the driving
force required for crystal growth is relatively low (Sato et al., 1989). How-
ever, in a multicomponent fat, the supersaturation for each TAG is small
(Walstra, 1998). This fact, combined with competition between similar
molecules for the same sites in a crystal lattice, means that milk fat crystal-
lization is especially slow (Skoda and van den Tempel, 1967; Knoester et al.,
1968; Grall and Hartel, 1992).

Melt viscosity also has a significant effect on crystal growth rate. It
limits both molecular diffusion and the dissipation of the latent heat of
crystallization away from a growing crystal (Walstra et al., 1994). Growth
rate is inversely proportional to melt viscosity, which tends to increase with
decreasing temperature (Lawler and Dimick, 1998). Shearing forces, too,
influence fat crystallization. The effects of shear include increased secondary
nucleation as a result of crystal fracturing and perhaps ease of nucleation
because of the parallel alignment of TAGs (Stapley et al., 1999). Shear also
enhances both mass and heat transfer. During milk fat fractionation, shear
was found to influence both the composition and the structure of the filtered
crystals (Breitschuh, 1998; Breitschuh and Windhab, 1998).

7.2.4. Crystallization, Melting and Mixed Crystal Formation

The overall dropping temperature of milk fat is approximately 34°C.
However, because milk fat contains over 400 different TAGs (Jensen et al.,
1991), each with its own melting temperature, it demonstrates a wide melting
range as opposed to a distinct melting temperature (Walstra et al., 1994).
The TAGs in milk fat have a melting range between —40 and 40°C. This
results in a wide range of plasticity where both solid and liquid fat are
present as shown in Figure 7.1.

When TAGs in the liquid state are mixed, no changes in heat or
volume are observed (Walstra et al., 1994). However, ideal behavior is not
observed in the solid phase of milk fat (Timms, 1984; Walstra et al., 1994).
As a result, the melting curve of milk fat does not equal the sum of its
component TAGs (Walstra et al., 1994). Mulder (1953) proposed the theory
of mixed crystal formation to explain the complex crystallization behavior of
milk fat. Mixed or compound crystals contain more than one molecular
species (Rossell, 1967, Mulder and Walstra, 1974). Mixed crystals form in
natural fats, like milk fat, which are complex mixtures of TAGs (Mulder,
1953; Sherbon 1974; Walstra and van Beresteyn, 1975b; Timms, 1980;
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Figure 7.1. Solid fat content (SFC) of milk fat as a function of temperature. The box indicates
the temperature region (i.e., 11-20°C) in which SFC ranges from 20 to 40% and good spread-
ability is expected.

Walstra et al., 1994; Breitschuh and Windhab, 1998; Marangoni and Lencki,
1998). Mixed crystals have a lower density and a lower enthalpy of fusion
than pure crystals of the same polymorph. They also tend to rearrange
slowly into purer crystals (Walstra, 1987).

The likelihood of compound crystallization increases when the mo-
lecular species are similar in shape, size and properties (Walstra, 1987). It
also increases during crystallization at a low temperature because more
TAGs are supersaturated and the supercooling for each TAG is higher
(Walstra et al., 1994). Mixed crystals also tend to form more readily in less
stable polymorphic forms because molecular packing is not very dense
(Mulder and Walstra, 1974). Slow and stepwise cooling of milk fat gives a
lower solid fat content (SFC) than rapid and direct cooling. The mixed
crystal concept explains this observation and also the observation that it is
difficult to establish equilibrium in milk fat (Mulder and Walstra, 1974).
Crystal rearrangements including segregation into more pure crystals and
Ostwald ripening can occur indefinitely.

Several studies have explored the phase behavior of milk fat and its
fractions (Mulder, 1953; Timms, 1980, 1984; Marangoni and Lencki, 1998).
Milk fat composition is often discussed in terms of groups or fractions of
TAGs, which are chemically and physically distinct (Timms, 1980; Bornaz
et al., 1993; Marangoni and Lencki, 1998). For example, saturated and
monounsaturated TAGs account for 65 mol% of the TAGs in milk fat
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(Gresti et al., 1993). TAG fractions are typically distinguished from each
other on the basis of melting behavior. Accordingly, there are three main
fractions of TAGs, the low-melting, middle-melting and high-melting frac-
tions (LMF, MMF and HMF, respectively). These fractions correspond to
the three endothermic peaks observed in milk fat by differential scanning
calorimetry (Timms, 1980). LMF is liquid at room temperature owing to its
high content of long-chain unsaturated and short-chain saturated fatty
acids. On the other hand, HMF has a melting temperature greater than
50°C and is enriched in long-chain saturated fatty acids. The HMF has a
much lower content of long-chain unsaturated and short-chain saturated
fatty acids. The MMF is characterized by an intermediate melting tempera-
ture range of 35-40°C (Timms, 1980). In milk fat, the higher-melting TAGs
tend to dissolve in the lower-melting species (Walstra et al., 1994). Also, in
the solid phase, incomplete miscibility is observed because of the wide range
of TAGs present (Timms, 1984). These factors complicate the fractionation
of milk fat into different groups of TAGs.

7.2.5 Polytypism and Polymorphism

When lipids crystallize, variations in terms of how the TAGs stack and
how the fatty acids pack are possible (Sato et al., 1989). Polytypism refers to
the different stacking directions of the TAG lamellae in fats. The lamellae
layer thickness (or d-spacing) depends on both the length of the TAG
molecules and the angle of tile between the chain axis and the basal lamellar
plane (Lawler and Dimick, 1998). Polytypism is indicated with a —2 or —3
designation following the polymorph type for a bilayer or trilayer TAG
arrangement (shown in Figure 7.2), respectively (Lawler and Dimick,

~ i
e

Figure 7.2. Polytypism in crystalline triacyl glycerols: Bilayer and trilayer arrangements.
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1998). The bilayer arrangement of fatty acid chains is the most common
packing structure for natural fats, including milk fat. However, with quench
cooling to —8°C, Lopez et al. (2001) found evidence of the coexistence of
both the bilayer and trilayer lamellar structures in milk fat.

Polymorphism refers to the situation in which materials of the same
chemical composition possess different sub-cell packings in the solid state
(Small, 1986). Figure 7.3 compares the level of structure for the unit cell and
sub-cell in crystalline fats. Polymorphism arises from both variations in the
tilt of TAG molecules in a bilayer and from variations in the hydrocarbon
chain packing (Larsson, 1994).

Polymorphism explains the multiple melting phenomena, which are
observed in fats. Mulder (1953) reported that if milk fat is cooled rapidly,
two melting temperatures are observed subsequently. deMan (1963b) used
X-ray diffraction (XRD) to identify the a, B’ and § polymorphs in milk fat.
Different packing modes give rise to differences in density, melting tempera-
ture, and heat of fusion for the polymorphs. The melting temperature of
a, B’ and B polymorphs in milk fat are reported to be 22, 30 and 35°C,
respectively (van Beresteyn, 1972). More recently, Ten Grotenhuis et al.
(1999) reported the clear point of the a-crystal in milk fat to be 20°C.

The o, B’ and B polymorphs have characteristic XRD short spacings
of 0.415 nm, 0.38 nm and 0.42 nm and 0.46 nm, respectively (Small, 1986;
D’Souza et al., 1990). The a-sub-cell has an hexagonal arrangement in which

2 k Sub cell
<<

Figure 7.3. Unit cell and sub-cell levels of structure in crystalline triacyl glycerols.

Unit cell
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the fatty acid chains show disorder and rotational mobility along the hydro-
carbon chain axes (Larsson, 1994). The B’-polymorph has a more fixed sub
cell arrangement referred to as orthorhombic perpendicular, while the
B-crystal has the most dense packing and is triclinic (Abrahamsson et al.,
1978; Gunstone et al., 1986; Small, 1986). The hexagonal, orthorhombic
perpendicular, and triclinic sub-cell packings for the a, B’ and B polymorphs
are shown in Figure 7.4.

The B polymorph is the most thermodynamically stable. It has the
highest melting point and is therefore the least soluble in a melt at a
given temperature below its melting point. Despite this, nucleation for
the a-polymorph is favored. Although the a-crystal is less stable, it has a
lower crystal-melt interfacial tension and lower heat of crystallization than
the B’- and B-polymorphs (Timms, 1995). Nucleation in milk fat typically

£ ¢ @

28 ;’3

Orthrhombic

Figure 7.4. Arrangement of carbon and hydrogen atoms in fatty acids with hexagonal,
orthorhombic perpendicular and triclinic crystals, for the «, B’ and B polymorphs, respectively.

Hexagonal
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occurs in the a-form (Walstra, 1987) because nucleation and crystal growth
rates are higher than for the B and B’ polymorphs (Sato et al., 1989). Fat
polymorphism has practical consequences for product quality and function-
ality. Hoerr (1960) described the a-form in fats as very thin crystals less than
several microns in size and the p’-polymorph as long needle shapes less than
5 wm. In comparison, B-crystals were described as much larger and having a
plate-like morphology (Hoerr, 1960).

Like most multi-component fats, milk fat exhibits monotropic poly-
morphism. Only one polymorph is stable (Bailey, 1951). Molecular re-
arrangements result in polymorphic transformations from the less to the
more thermodynamically stable forms (Hagemann, 1988). Figure 7.5 shows
the polymorphic transformations that occur in edible fats.

Milk fat is considered to be a B’-fat. Even after prolonged storage, the
majority of the crystals in the fat remains in the B’ form (Timms, 1979).
Although the B-polymorph has been identified in milk fat in some studies
(deMan, 1963a; Woodrow and deMan, 1968; Timms, 1979), other re-
searchers have found no evidence of it (Ten Grotenhuis et al., 1999). Ten
Grotenhuis er al. (1999) detected the a-modifications and p’-modifications
and with quench cooling to extremely low temperatures, another short-lived
modification referred to as y. The y-form was referred to as sub-a because its
melting temperature and stability are lower than «. The same form has also
been referred to as B because it has an orthorhombic structure like the
B’-form. The y-polymorph forms in milk fat only at high cooling rates and
has a clear point of approximately —8°C (Ten Grotenhuis et al., 1999).

Although the a-polymorph is meta-stable, it can have a relatively long
lifetime in milk fat at low temperatures compared to other fats (Walstra
et al., 1994). The a-crystal may be stabilized by the formation of compound
crystals in milk fat (Walstra et al., 1999). A consequence of both polymorph-
ism and mixed crystal formation in milk fat is that the material is rarely at
equilibrium (Walstra et al., 1994).

melt

an

Figure 7.5. Polymorphic transformations in fats.
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7.3. Structure and Rheology of Fat Crystal Networks

7.3.1. Milk Fat and Butter Crystal Networks

The underlying structures of both milk fat and butter determine their
rheological and textural properties. The first comprehensive review of butter
structure was prepared by King (1964). More recently, deMan and Beers
(1987), Juriaanse and Heertje (1988), Precht (1988) and Heertje (1993)
reviewed the literature on the structure of milk fat and butter. Holcomb
(1991) compiled a list of references pertaining to the structure and rheo-
logical properties of dairy products. When cream is churned, phase inversion
occurs and butter is formed. The multi-phase emulsion consists of a
continuous oil phase containing crystal aggregates along with intact and
fractured fat globules (Kalab, 1985; Juriaanse and Heertje, 1988). Although
butter is an emulsion, its rheological properties are similar to those of milk
fat. The aqueous phase is distributed in droplets and may contribute to the
viscosity of the system (Prentice, 1992).

During crystallization, fat crystals aggregate into three-dimensional
networks as a result of Brownian motion and van der Waals forces (van
den Tempel, 1961). In both milk fat and butter, underlying fat crystal
networks give these materials their structural integrity (Haighton, 1963;
Knoop, 1964). Their yield value and viscoelastic behavior are a result of
the crystal networks, which are intimately associated with the remaining
liquid oil phase (deMan and Beers, 1987). The rheological properties of milk
fat are discussed in a subsequent section.

7.3.2. Methods used to Determine the Rheological Properties
of Milk Fat

Most of the methods used to characterize the rheological behavior of
butter are empirical and attempt to imitate certain sensory perceptions. They
typically involve penetrometry, extrusion or sectility tests (Prentice, 1972). In
these tests, the structure of the material is destroyed in order to probe its
response to an applied stress or deformation. These methods mostly serve a
quality control function. Their results provide an index of consistency to
adjust milk-blending operations or to regulate a step in the butter-making
process. While the results have practical significance, they often have no
theoretical basis. Therefore, attempts have also been made to study the
intrinsic properties of plastic fats. In many such cases, small deformation
tests, in which the structure of the sample remains intact have been used to
probe milk fat rheology.
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7.3.2.1. Large Deformation Rheological Testing of Milk Fat and Butter
7.3.2.1.1. Penetrometry-based Testing

Penetrometry has been the most common method used to evaluate
butter texture (deMan and Beers, 1987). In penetrometry, either the depth to
which a penetrating body (a cone, needle or sphere) falls during a specified
length of time, or the rate at which the body falls is measured (Sherman,
1976). The technique was first applied by placing a steel rod above a sample
and weighing it down until it rapidly penetrated the fat (Brulle, 1893).
Today, cone penetrometry under a constant load remains the most widely
used instrumental method to evaluate the texture of butter. Figure 7.6 shows
the shape of a typical cone used in penetrometry testing.

Cone penetrometry has the advantages of being simple and economical
to use. Also, its results correlate well with testing by sensory panels (Dixon,
1974; Rousseau and Marangoni, 1999). In addition, standardized tests and
commercial standards of design are available. The most widely used method
is that of the American Oil Chemists Society (AOCS) (Cc 16-60) (AOCS,
1960). According to this method, the depth (d) (in increments of 0.1 mm) to
which the cone penetrates the sample is read (AOCS, 1989). This depth is an
indicator of consistency and can be related to some structural parameter of
the material. Penetrometry results, for example, are often translated into
“spreadability” or “hardness’ values. For example, spreadability (S), as

sample surface
—_— || ——

Figure 7.6. Shape of a typical cone geometry used in penetrometry studies on milk fat. The
depth to which the cone penetrates the sample (d) is used to calculate “hardness” and “yield”
values. € is the cone angle/2 and r is the radius of the flat tip of the cone.
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determined by a sensory panel, is correlated with penetration depth (d)
according to Equation 1:

S=A+log(d) (1)

Figure 7.7 shows that good agreement was found between spreadabil-
ity as determined by a sensory panel and the depth of cone penetration as
determined by the AOCS method Cc 1660 (Rousseau and Marangoni,
1999).

Vasic and deMan (1968) defined hardness (H) as the ratio of load to the
area of the impression made by the penetrometer. This parameter was
explained as “the cone will sink into the fat until the stress exerted by the
increasing contact surface of the cone is balanced by the hardness of the fat”
(deMan, 1983). Vasic and deMan (1968) defined fat hardness in a similar way
to the Brinell hardness used in metallurgy (Tabor, 1948). The relationship
between the applied force load (P), hardness (H), half cone angle (¢), radius of
the flat tip of the cone (v), penetration impression area (4;mp) and depth () for
the cone in Figure 7.6 is given by Equation 2 (Vasic and deMan, 1968):

P P
Aimp 55 [2r + d tan(e)] + 71

-
© o
| |

Sensory spreadability
(o))
!

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Log penetration depth (1/10mm)

Figure 7.7. Correlation between milk fat spreadability as determined by a sensory panel and
depth of cone penetration determined according to AOCS method Cc 16-60 (Rousseau and
Marangoni, 1999).
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Converting penetration depth to hardness has the advantage of nor-
malizing consistency values so that they are less dependent on the penetra-
tion load. This is the rationale behind hardness testing in metallurgy. In
these cases, the contact pressure as defined by hardness in Equation 2 is used
to deduce the yield stress of a material (Tabor, 1996). However, the yield
stress is the resistance to an applied shear stress, but it is not the only
resistance to a penetrating body. The elastic properties of a fat, and the
coefficient of friction between the cone and the fat sample will also impede
the penetration of the cone (Tabor, 1948). Kruisher et al. (1938) tried to
eliminate friction effects and advocated the use of a flat circular penetrom-
eter with concave sides.

Constant-speed cone penetrometry has also been used to measure the
elastic properties of fats (Diener and Heldman, 1968; Briscoe and Sebastian,
1993). It measures the force required to drive a penetrating body into a
sample at a constant speed (Kruisheer et al., 1938; Tanaka et al., 1971). This
approach allows for better control over penetration depth and allows for
multiple hardness values (with varying penetration depth) to be calculated.
Because the load-deformation response can also be monitored during
unloading of the sample, additional rheological parameters can be derived
with constant-speed penetrometry (Glenn and Johnston, 1992; Page, 1996).

Much more effort has gone into relating hardness value to the yield
stress of fats than to their elastic properties. For example, the International
Dairy Federation proposed (Walstra, 1980) that penetration depth be con-
verted to an “apparent yield stress” (AYS) for sharp-ended cones according
to the equation:

P aw

AYS = =
Aproj  wd? tan’(e)

(€)

where g is acceleration due to gravity, w is the weight of the cone assembly,
¢ refers to the cone half-angle (as shown in Figure 7.6) and d is the penetra-
tion depth. The hardness defined in Equation 2 and the AYS in Equation 3
are related to each other simply by a sin(e) term because A4,.;, the projected
area, is used in Equation 3 rather than the impression area (Mohr and
Wellm, 1948). A “‘yield value” (C) can also be determined for a smooth-
angle cone according to Equation 4:

_ Kw

c== )

where w is the weight of the cone, d is the penetration depth and Kis a factor
depending on the cone angle (Haighton, 1959). The constant, n, was found
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empirically to approximate 2, but researchers have since found that it varies
with sample structure (deMan, 1976; Mortensen and Danmark, 1981). A
value of 1.6 is often used for plastic fats.

Spreadability is another important parameter of butter texture. A
spreadability index (S) can be calculated from the “yield stress” value
obtained for butter before and after working using a constant-weight penet-
rometer, as shown in Equation (5), where f, and f, are the “‘yield stress”
values before and after working respectively (Haighton, 1965).

S=fu—0.75[/u — ful ®)

7.3.2.1.2. Compression-based Testing

Compression testing is also useful for evaluating the technological and
end-use properties of milk fat and butter (Davis, 1937, Scott-Blair, 1938;
Dolby, 1941a; Mohr and Wellm, 1948). In this approach, a uniform stress is
applied to the top and bottom of a sample (typically a cylinder or prism)
placed between two flat plates. Because of the uniform stress field, it is easier
to extract rheological information than in penetrometery.

Compression testing is often performed in the creep mode. A constant
load is applied to the upper plate and then the deformation (i.e., how the
sample changes) is recorded over time. Typical results of a creep test are
shown in Figure 7.8; compliance is plotted as a function of time.

Sample Displacement

Time

Figure 7.8. Typical creep curve for a plastic fat. A: instantaneous deformation upon loading;
B: instantaneous sample recovery upon unloading; C: time-dependent recovery of sample;
D: permanent sample deformation (adapted from deMan and Beers, 1987).
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A and D indicate the two parameters most commonly extracted from a
creep curve. A represents the instantaneous elastic compliance and can be
used to calculate an elastic modulus. D represents the limiting viscosity,
which is related to the reciprocal of the slope. In some cases, parameters
from creep testing have been related to molecular mechanisms (Shama and
Sherman, 1970; Davis, 1973; deMan et al., 1985). The parameters have also
been correlated with hardness and spreadability (Scott-Blair, 1938).

Compression testing can also be carried out at a constant speed. In this
case, the applied load, in addition to the deformation of the sample, is
monitored. The load-deformation curve for a sample of milk fat (crystallized
for 24 hours at 5°C) is shown in Figure 7.9.

Various parameters can be derived from the curve, including a com-
pressive modulus (based on initial stiffness (S) and sample dimensions) and
yield stress (F, at the end of the elastic region) (Dixon, 1974). Beyond the
yield stress, the apparent viscosity (m,, for example) may be calculated as the
fat moves outwards with the continued narrowing of the sample gap (Casir-
aghi et al.,, 1985). As in all rheological tests, experimental artefacts can
complicate the analysis. Sample preparation is especially important in com-
pression testing (Dixon, 1974). In excessively long samples, bowing occurs,
while in excessively short samples, end effects can dominate (Casiraghi et al.,
1985).

E Nbe

-

N
|
A
A 4

12 «—F

-
o
1

Load (N)
(o]
|

0.0 0.2 0.4 0.6 0.8 1.0
Deformation (mm)

Figure 7.9. Load-deformation curve for a sample of milk fat crystallized at 5°C for 24 hours.
S, Fy and my, refer to the initial stiffness, yield stress and apparent viscosity beyond the yield
stress, respectively.
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7.3.2.1.3. Sectility Based Testing

Sectility testing can also be used to characterize plastic fats (Dolby,
1941a,b; Mohr and Wellm, 1948; deMan and Wood, 1958a; Dixon and
Williams, 1977). In these tests, a stretched steel wire is forced through a
sample. The load required to cut the sample correlates with firmness
(Dolby, 1941a). Alternatively, the wire can be driven through the sample at
a constant speed and the counteracting force measured (Hayakawa et al.,
1986). Again, experimental artefacts are introduced during testing
(Dolby, 1941a; Luyten et al., 1991; Kamyab et al., 1998). The yield value
and pseudoviscosity of plastic fats have been determined based on sectility
testing (Dolby, 1941b; Mulder and Walstra, 1974; Dixon and Williams, 1977).

7.3.2.1.4. Extrusion-based Testing

The texture of butter is sometimes evaluated by extrusion testing, al-
though the approach is less common than those discussed previously. The
justification for this type of test is that extrusion may mimic the action of
spreading by a consumer. Both extrusion and spreading require rapid de-
formation of the material with subsequent flow (Prentice, 1972). Extruders
have been designed (Prentice, 1954; Vasic and deMan, 1967) in which a
sample of fat is extruded through an orifice at a constant speed. The force
required to sustain the motion (i.e., the thrust) is measured. This is comprised
of both the force necessary actually to force the sample through the orifice
and the force necessary to overcome the friction along the walls of the
extruder (Prentice, 1972). At the moment the extruder is nearly empty,
the frictional component should be negligible and all the thrust related
to the act of extrusion alone. By relating extrusion and sensory tests, extrusion
thrust has been inversely correlated with spreadability. The extrusion
friction may be related to the stickiness of the sample (Kulkarni and Rama
Murthy, 1987).

7.3.2.1.5. Correlation of Instrumental Methods With Sensory Testing

The instrumental methods described above are rapid and inexpensive
ways of monitoring the rheology of fats. Having said that, such tests are
often criticized for not measuring fundamental properties of materials
(Shukla et al., 1994; Shellhammer et al., 1997) and for oversimplifying
complex rheological behavior (Mortensen and Danmark, 1982b). Regard-
less, they are powerful tools when their results correlate with some real
indicator of consistency as determined by sensory panels (Dixon, 1974;
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Kawanari et al., 1981). Some researchers have argued that since mastication
involves breaking down structure, large deformation tests are useful in
understanding textural properties (Borwankar, 1992).

Several groups have reported strong correlations between large de-
formation tests and sensory panel evaluations (Mohr and Wellm, 1948;
Kapsalis er al., 1960; Haighton, 1969; Dixon and Williams, 1977; Dixon
and Parekh, 1979; Mortensen and Danmark, 1982b; Davey and Jones, 1985;
Pompei et al., 1988; Rohm and Ulberth, 1989; Rohm, 1990; Rousseau and
Marangoni, 1999). The correlation between spreadability and cone penetro-
metry results was shown in Figure 7.7. Although very valuable, sensory
studies tend to be complicated, expensive and time consuming (Pokorny
et al., 1984; Kamyab et al., 1998).

7.3.2.2. Small-deformation Testing of Milk Lipids

Butter and milk fat exhibit viscoelastic behavior at small stresses
(Chwiej, 1969; Pijanowski et al., 1969; Shama and Sherman, 1970; Sherman
1976; Shukla and Rizvi, 1995). To probe this behavior, a very small stress or
deformation is applied to a sample and the relationships between stress,
strain and time are monitored. Viscoelastic testing is performed in the linear
viscoelastic region (LVR) where a linear relationship between stress and
strain exists and where the sample remains intact. Depending on the mater-
ial, this region lies at a strain of less than 1.0% (Mulder and Walstra, 1974)
or even less than 0.1% (Rohm and Weidinger, 1993). Figure 7.10 shows the
small deformation test results for milk fat at 5°C.

Compared to large-deformation tests, small-deformation tests are very
sensitive. They provide information about the structure of a sample as op-
posed to information about how that material breaks down. Dynamic mech-
anical testing also permits both the viscous and elastic components of
samples to be studied simultaneously (Ferry, 1980). The testing procedure
can strongly influence the results of viscoelastic testing. For example,
rheological parameters are dependent on both temperature (Rohm and Wei-
dinger, 1993; Shukla and Rizvi, 1995) and oscillation frequency (Rohm
and Weidinger, 1993; Drake et al., 1994). During the testing of butter, for
example, the viscous modulus decreases and the elastic modulus increases
as the testing frequency is increased (Diener and Heldman, 1968; Shukla
and Rizvi, 1995). The viscoelastic behavior of milk fat has been studied by
several groups (Sone, 1961; Chwiej, 1969; Pijanowski ef al., 1969; Shama
and Sherman, 1970; Elliot and Ganz, 1971; Borwankar et al., 1992; Wright
et al., 2000).
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Figure 7.10. Storage (@) and loss () moduli (G’ and G”, respectively) and loss tangent
(tand, O) of milk fat at 5°C as a function of strain (%) during a torque sweep at 1 Hz (A) and as
a function of frequency during a frequency sweep at 8.0 x 1073% strain (B).

7.3.3. Rheology of Milk Fat

7.3.3.1. Setting, Spreadability, Hardness, Work Softening
and Thixotropy

Several rheological characteristics of milk fat and butter have practical
significance. Setting, spreadability, hardness, work softening and thixotropy
are affected by the rheology of milk fat. Setting refers to the continued
increase in the firmness of newly manufactured butter. Increases in firmness
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sometimes occur for months because of continued crystallization (Shama
and Sherman, 1968) and crystal aggregation (Precht, 1988). The extent of
setting depends on several variables, including composition, storage tem-
perature, storage time, initial hardness, and manufacturing conditions (Pren-
tice, 1972; deMan, 1976; Precht, 1988; Shukla and Rizvi, 1995).

Spreadability and hardness are two very important characteristics of
plastic fats (Prentice, 1972). They have a large impact on consumer accept-
ability. Butter is notoriously unspreadable at refrigeration temperature and
is too soft or oily at room temperature (deMan and Wood 1958b; Kaylegian
and Lindsay, 1992; Shukla et al., 1994). The narrow temperature range for
spreadability is explained by the drastic change in the SFC of milk fat
between 10 and 20°C (Vasic and deMan, 1965) (see Figure 7.1) and less
viscous flow at high temperatures (deMan et al., 1985). Figure 7.11 shows
the relationships between hardness and the SFC of milk fat (Figure 7.11A)
and spreadability and the yield stress value of butter (Figure 7.11B).

To be spreadable, butter should possess an SFC between 20 and 40%
(deMan, 1962) and have an apparent yield value (determined according to
IDF, 1980) of 30-60 kPa (Rohm and Raaber, 1991). According to Figure
7.1, milk fat has an SFC between 20 and 40% at a temperature between 11
and 20°C. More homogeneous butter structures, as visualized by electron
microscopy, have also been correlated with a firmer consistency (Precht and
Buchheim, 1979, 1980).

Hardness and spreadability are inversely related. They can be investi-
gated by sensory evaluation (deMan et al., 1979; Dixon and Parekh, 1979;
Mortensen and Danmark, 1982b; Pokorny et al., 1984; Rohm and Ulberth,
1989) or instrumental methods as discussed previously.

Work-softening refers to the fact that when a shearing force is applied
to milk fat or butter, the material softens (Shama and Sherman, 1970;
Cornily and leMeste, 1985). Subsequently, thixotropic behavior in which
some of the original firmness is recovered is typically observed (Vasic and
deMan, 1968; deMan, 1969; Mortensen and Danmark, 1982b; deMan et al.,
1985). Thixotropic hardening is demonstrated by the slow increase in the
elastic modulus with time after working (Shama and Sherman, 1970). Most
of the instantaneous elasticity is recovered after working, although changes
in viscosity are less reversible (Shama and Sherman, 1970).

The typical creep curve for a plastic fat is shown in Figure 7.8 and
demonstrates the effect of working on the structure of butter. The softening
that occurs in plastic fats is dependent on both the amount of force or
deformation applied and also on the testing time (deMan and Beers, 1987).
When a force is applied (i.e., when the sample is compressed), there is an
initial elastic response (A), which can be represented by a Hookean spring
(deMan et al., 1985; deMan and Beers, 1987). If the yield stress is exceeded,
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Figure 7.11. Milk fat hardness (kg/m) versus solid fat content (%) (A) and butter spread-
ability versus yield stress value (B) (adapted from Mortensen and Danmark, 1982).

structure breakdown occurs. Following the initial deformation, the strain
continues to increase, in a time-dependent fashion. Within this region, bonds
between the crystals in the fat network break and reform. This area of the
curve can be represented by a series of Voigt-Kelvin units (spring and
dashpot in parallel).
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Attempts have been made to explain the response of butter to an
applied force. Prentice (1972) argued that structure could be altered in
three ways when butter is deformed. At a small stress, potential energy is
stored because the network of the sample is distorted. This type of deform-
ation is reversible and elastic. A larger stress causes crystals to rearrange or
fracture and leads to irreversible changes in structure. Lastly, softening can
occur if mechanical energy is converted into heat and leads to the melting of
crystals (Sone, 1961). These changes may not be permanent because recrys-
tallization will occur gradually but the sample may not return to its original
configuration. Other groups have attempted to explain the changes in the
structure of butter in the context of different bond strengths (van den
Tempel, 1961; Haighton, 1963; Shama and Sherman, 1970). Primary bonds
are said to be stronger and irreversible, whereas secondary bonds are rela-
tively weak and reversible. Accordingly, primary bonds contribute more to
the stiffness of a network. Thixotropic hardening may then be related to the
reversible reformation of secondary bonds, which were disrupted during
working (deMan and Beers, 1987). In reality, a spectrum of bond strengths
is more likely than simply primary and secondary interactions (Shama and
Sherman, 1970).

7.3.3.2. Modelling of Milk Fat Rheology

Solidified milk fat displays non-Newtonian behavior. It acts as a
plastic material with a yield value (Sone, 1961; deMan and Beers, 1987).
Throughout its wide melting range, milk fat, like butter, exhibits viscoelas-
ticity, possessing both solid and liquid-like characteristics (Sone, 1961;
Shama and Sherman, 1968; Jensen and Clark, 1988; Kleyn, 1992; Shukla
and Rizvi, 1995). Several models to describe the complex rheological behav-
ior of milk fat have been proposed. Figure 7.12 shows the corresponding
stress-strain curves for the models discussed.

The simplest model assumes ideal elastic behavior (Figure 7.12A). At a
stress below the yield stress (Fy), the sample behaves perfectly elastically. In
this region, a modulus of elasticity can be determined. At the yield stress, the
sample flows. It continues to flow until the stress is lowered again to below
the yield stress value. Therefore, both the elastic modulus and yield stress
describe the behavior of a plastic material. They can be determined easily by
compression testing. The continuous network of fat crystals in a fat bears the
stress below the yield stress and therefore contributes solid or elastic prop-
erties to the material (Narine and Marangoni, 1999a).

In cases where the region of elastic deformation is very small compared
the total deformation applied, the yield stress is sufficient to characterize the
behavior of a material. Essentially, such a material is classified as a rigid
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Figure 7.12. Stress-strain curves showing yield stress (oy) for elastic-plastic behavior (A), the
Elliot and Ganz (1971) model (B) and the viscous Maxwell-Bingham model of Diener and
Heldman (1968) (C).

plastic material (Johnson, 1996). This simplified approach may be useful for
butter (Kamel and deMan, 1975). Given the complexity of milk fat and the
wide range of melting temperature of the TAGs present, we would expect
that the liquid oil portion of milk fat plays a significant role in the rheology
of milk fat. Consideration of the viscous elements, in addition to the elastic
elements, should lead to a more accurate description of milk fat rheology.
Both liquid oil and aggregated solids are responsible for the viscoelastic
nature of plastic fats (Drake et al., 1994).

Butter, and other unctuous materials, may be qualitatively described
by a modified Bingham body (Elliott and Ganz, 1971; Elliott and Green,
1972), which consists of viscous, plastic and elastic elements in series. The
stress-strain behavior for the model proposed by Elliot and Ganz (1971) is
shown in Figure 7.12B. Diener and Heldman (1968) proposed a more
complex model to describe how butter behaves when a low level of strain
is applied. The model consists of plastic and viscous elements in parallel,
coupled in series with a viscous element in parallel with a combination of a
viscous and an elastic element. Figure 7.12C shows the stress-strain curve for
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the proposed model. Diener and Heldman (1968) attributed the elasticity of
butter to the fat globule membrane and the viscosity to the flow of
the surrounding liquid fat. However, while electron microscopy has
shown that fat globules can be significantly deformed without losing their
structural integrity (Precht, 1988), most of the milk fat globule membrane
material is lost during churning and passes into the buttermilk (Knoop and
Wortmann, 1962).

7.3.4. Modeling Fat Crystal Networks and Relating Structure
to Rheology

To model the mechanical properties of a network in terms of its
structure, a good definition of the levels of structure that exist within that
network is essential and a logical starting point. For fat crystal networks, the
hierarchical organization of structural levels is best envisioned by consider-
ing the levels of structure that develop during crystallization. Fat crystal
networks develop from initial nucleation sites, which grow into crystals
as more TAGs crystallize (there may be further nucleation during
growth). Growing crystals become primary particles, or microstructural
elements (collection of primary crystallites or single crystals), of approxi-
mately uniform size (< 5 wm). These microstructural elements then aggregate
into clusters, or microstructures (>100 wm). The microstructural elements
are arranged in a fractal manner in the length range bounded by the size of
one microstructural element and the size of one microstructure. Figure 7.13
shows that the microstructures themselves pack in a regular, homogenous,
space-filling manner. They constitute the largest structural building block of
the fat crystal network. The liquid phase (oil) of the network is interspersed
between the microstructural elements and microstructures.

Based on this description of a fat crystal network, it makes sense that
its macroscopic properties should depend significantly on the nature of the
microstructures since this level of structure is closest to the macroscopic world.

Our group (Marangoni and Rousseau, 1996; Narine and Marangoni,
1999b,¢; Marangoni, 2000; Narine and Marangoni, 2001) has proposed a
scaling theory to relate the Young’s modulus (E) of a fat to the spatial distri-
bution of mass within a fat crystal network, and the volume fraction of solid fat
(® = SFC/100) present, namely:

E =AD" (6)

where A is a pre-exponential parameter and in three-dimensional space,

W :3——D (7
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Figure 7.13. Schematic model of a fat crystal network showing particles of diameter a (i.e.,
small circles, <10 wm) arranged into clusters of diameter ¢ (i.e., large circles, > 100 um) with
liquid oil interspersed.

where D corresponds to the mass fractal dimension for the spatial distribu-
tion of mass within the network and is not related to the roughness of
crystallite interfaces or the spatial distribution of mass within crystallites.
The Young’s modulus can be related to the shear elastic modulus (G') by
assuming a Poisson’s ratio of 0.5, and thus, £ = 3G.

This theory was based on the assumption that when the network is
stressed, the links between the microstructures are more likely to be stressed
than the microstructures themselves or the structures within them. This is in
fact reminiscent of the old adage “the strength of a chain lies in its weakest
link”—the weakest links here are the links between the microstructures. This
theory is simply, and appropriately, called the weak-link theory. Figure 7.14
shows a schematic of a fat network under extension when the weak-link
theory is applicable.

The fractal dimension of a microstructural network can be determined
rheologically by diluting a fat with an oil that does not appreciably dissolve
the fat under the test conditions (preferably at a low temperature and
crystallized rapidly to prevent fractionation). The exact range of dilutions
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AL

Figure 7.14. Schematic of fat crystal network under extension when the weak-link theory is
applicable (¢ is the diameter of crystal clusters, L, is the size of the microscopic system, AL is the
extension due to elongational stress, a is the size of a primary particle within a cluster and d, is
the interfloc distance).

required will depend on the SFC range of interest, since different SFC ranges
will yield different structures with different fractal dimensions (Awad et al.,
2004). Typically, dilutions in the range 70-100% (w/w) milk fat are used. By
measuring the storage modulus by small-deformation dynamic rheological
techniques under shear (G') or compression (E'), and the SFC by pulsed
NMR, it is possible to plot:

log E' = logA + plog® (8)

From the slope and y-intercept of such a plot it is possible to determine D
and A, as shown in Figure 7.15.

Our work suggests that the fractal dimension of a network is a measure
of the order in the spatial distribution of the solid mass in the network as
well as the degree of fill of such space. High fractal dimensions are associated
with more ordered distributions and higher degrees of fill.

The fractal dimension of a crystal network is an important parameter
in terms of its relation to mechanical strength. However, the values of the
pre-exponential term, A, (and the solid fat content) are equally important.
For spherical microstructures (Narine and Marangoni, 1999¢; Marangoni,
2000; Marangoni and Rogers, 2003),
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where 8 is the crystal-melt interfacial tension, A is Hamacker’s constant, a is
the diameter of a microstructural element, £* is the macroscopic strain at the
limit of linearity, and d, is the average equilibrium distance between micro-
structures (Figure 7.15). This model identifies key network parameters im-
portant in determining the value of A. Equation 9 provides impetus for the
development of investigations of relationships between TAG composition
and polymorphism and the various parameters of the model in Equation 9.

In the work of Marangoni and Rogers (2003), an expression for the
yield stress (o) of a fat was also derived assuming that o* = E - £*, namely:

o+ = L s (10)
a

For a plastic fat, the yield stress was defined as the stress at the limit of
linearity in a small deformation rheological test. Agreement between theory
and experiment was found to be good.

From the above discussion, values of 8, a and D can be manipulated by
changing processing conditions or chemical composition. This is demon-
strated in the cooling rate case study at the end of this chapter. In this
example, the microstructural analysis discussed is used successfully to
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Figure 7.16. Relationship between yield stress value (g force) and compressive storage modu-
lus (E') for milk fat.

describe the effects of cooling rate on the structural and rheological proper-
ties of milk fat. By defining the network characteristics responsible for the
mechanical strength of a fat product, the model provides an array of indi-
cators that can be monitored during the development of tailored fat crystal
networks or as indicators for quality control purposes.

Moreover, the compression storage modulus (E') of milk fat was found
to be directly proportional to the yield force (see Figure 7.16), in agreement
with our model above. It is therefore possible to map the effects of structural
changes on small deformation rheological behavior, to large deformation
rheological behavior, and therefore, possibly, to texture (Rousseau and
Marangoni, 1999). Work is ongoing to establish relationships between crys-
tallization behavior, structure and macroscopic rheological properties in a
variety of fat systems, including milk fat.

7.4. Modifying the Crystallization and Rheology of Milk Fat

Milk fat and butter can be tailored to have desired properties and function-
alities. Treatments are often aimed at improving cold spreadability without
compromising room temperature stability. To modify the texture and rheo-
logical properties of butter, composition and processing conditions can be
manipulated

7.4.1. Manipulations of Butter Composition

Changes in milk fat composition can be brought about by altering the
original FA and TAG composition by fractionation, hydrogenation, inter-
esterification or blending.
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7.4.1.1. Changes in the Composition of Milk Fat

Several factors influence the chemical composition of milk fat and
therefore the crystallization of milk fat and the consistency of butter (Bornaz
et al., 1993; Shi et al., 2001; see Chapter 1). Fat composition varies depend-
ing on the breed of cow (Beaulieu and Palmquist, 1995), stage of lactation
(Kleyn, 1992), season (Lock and Garnsworthy, 2002), and region (Collomb
et al., 2002). Improvements in the spreadability of winter butter and milk fat
in general can be brought about through changes in the feed of the cow
(Nielsen, 1971; Murphy et al., 1995; Ashes et al., 1997; Fearon, 2001;
Hillbrick and Augustin, 2002; Gonzalez et al., 2003). Feeding cows highly
unsaturated oils or whole oilseeds can increase the oleic acid content of
butter while simultaneously reducing the level of saturates of fatty acids
(DePeters et al., 1985; Mohamed et al., 1988; Enjalbert et al., 1997; Gulati
et al., 2002; Lacasse et al., 2002). The result is typically a lower IV and a
softer texture. Unfortunately, feeding cows polyunsaturated fatty acids can
also result in an increased level of frans fatty acids and a decreased level of
short-chain saturated fatty acids (Lin et al., 1996a). Trans fatty acids are
formed because of biohydrogenation in the rumen. To prevent hydrogen-
ation, vegetable and fish oils can be encapsulated so that the unsaturated
fatty acids can be incorporated into the milk fat (Scott et al., 1970; Gulati
et al., 2002). When cows were fed formaldehyde-treated canola seeds,
the level of oleic acid in butter was increased and the level of medium-
chain saturated fatty acids reduced (Ashes et al., 1992). Similarly, when
high oleic sunflower oil was protected from hydrogenation by calcium, a
more spreadable butter, enriched in monoenes and polyunsaturates was
achieved (Lin et al., 1996a,b). Milk fat composition can also be optimized
for improved spreadability by supplying high enough levels of stearic acid
so that desaturation in the mammary gland is maximized (Fearon and
Mayne, 2000).

7.4.1.2. Blending

Another way to increase the level of unsaturation in milk fat is through
blending (Amer and Myhr, 1972; Ahmed et al., 1979; Wilbey, 1994). When
milk fat was blended with canola oil, changes in melting point and hardness
index were observed (Rousseau et al., 1996a,b,c). Improved spreadability at
room temperature can be achieved by blending milk fat with vegetable oils.
Unfortunately, this can sometimes result in instability at room temperature
(Amer and Myhr, 1972). Strict standards of identity for butter also limit this
type of blending in some countries, although spreads of dairy fat blended
with vegetable oil are sold in many countries.
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7.4.1.3. The Use of Additives: Moisture, Air and Surfactants

Butter consistency can also be adjusted by manipulating its air and
moisture contents (Kulkarni and Rama Murthy, 1985). When the moisture
content of butter was increased from 12 to 15%, a softer texture was
observed at both 5 and 15°C. Further increases in moisture content (up to
35%), however, drastically changed the rheological properties of butter
(Kulkarni and Rama Murthy, 1985). The disadvantages of adding moisture
to soften the texture of butter include structural stability, increased potential
for microbial growth and hydrolytic rancidity, and violating standards of
identity.

The air content of butter is generally between 3 and 7%, v/v. When this
is reduced by working the material in a vacuum, a glossy sheen and smooth
texture result. Although a harder consistency is reported, butter treated in
such a way seems to show improved organoleptic plasticity, possibly because
of changes in the mobility of free oil in the butter (Swartling et al., 1956).
Adding air or another gas, e.g., nitrogen to butter also results in significant
reductions in hardness (Hayakawa et al., 1986). This is the equivalent of
working (Gupta and deMan, 1985) and can result in significant increases in
spreadability (Vyas and Hedrick, 1963; Foley and Cooney, 1982). Several
factors, including composition, manufacturing method, and the amount,
type and time of gas incorporation determine the degree to which spread-
ability of whipped butter will be improved (Vyas and Hedrick, 1963; Precht,
1988). In some cases, butter with additional gas has been described as having
a less “buttery” aroma and a more crumbly texture (Kleyn, 1992).

The addition of surfactants to milk fat may also improve butter texture
(Gupta and deMan, 1985). Butter spreadability was improved in some cases,
depending on the nature of the surfactant (Kapsalis et al., 1963). Some
surfactants resulted in a brittle and sticky product. Also, the effect of the
surfactants was found to be temporary. Setting was delayed, but ultimately
there was no effect of the surfactants on the SFC of butter (Kapsalis et al.,
1963). For this reason, surfactants have little practical significance for butter
rheology (Hayakawa et al., 1986).

7.4.1.4. Fractionation

Milk fat fractionation has been studied by several groups (McGilli-
vray, 1972; Makhlouf et al., 1987; Arul et al., 1988; Deffense, 1987; Kayle-
gian and Lindsay, 1992; Rizvi and Bhaskar, 1995; Marangoni and Lencki,
1998; vanAken, et al., 1999; Campos et al., 2002a; Illingworth, 2002;
Vanhoutte et al., 2003). Fractionation can be used to obtain groups of
TAGs with distinct chemical and physical properties and altered rheological
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characteristics. For example, the spreadability of butter can be improved by
fractionating milk fat and then recombining the fractions in various propor-
tions (Kaylegian and Lindsay, 1992; Illingworth, 2002). The very high
melting TAGs in milk fat seem to provide structural integrity in recom-
bined butters, while the lower melting fractions serve to reduce hardness
(Kaylegian and Lindsay, 1992). Increasing the proportion of LMF in butter
increases the levels of short-chain fatty acids and oleic acid (Kulkarni and
Rama Murthy, 1987). Butters enriched in the high melting TAGs have a
higher SFC and viscosity at higher temperatures. This translates into im-
proved structural stability and a reduced tendency for oiling off and mois-
ture migration (Shukla et al., 1994). The cost of fractionation can be
prohibitive (Gupta and deMan, 1985) although, from a functional stand-
point, fractionation is a good method for improving the physical properties
of butter (Shukla et al., 1994; Pal et al., 2001). Milk fat fractions may also
have applications in pastry-making, as chocolate bloom inhibitors (Kayle-
gian and Lindsay, 1992, 1994; Kaylegian, 1999), as butter flavor-rich con-
centrates (Bhaskar et al., 1998), or to improve the rheology of reduced-fat
cheese curds (Rosenberg, 2000).

7.4.1.5. Interesterification

Interesterification involves the exchange of fatty acids within and
between TAGs. It can be used to produce fats and oils with desired func-
tionalities, including health benefits. Milk fat with improved cold spread-
ability has been produced successfully using chemical interesterification
(Weihe, 1961; Mickle et al., 1963; Rousseau et al., 1996a,b,c; Rodrigues
and Gioielli, 2003). Enzymatic interesterification can also be used to produce
milk fat with altered chemical and melting properties (Kalo et al., 1986a,b,
1990; Balcao and Malcata, 1998; Rousseau and Marangoni, 1999; Liew et al.,
2001). Unfortunately, when milk fat is interesterified, its butter flavor is,
typically, reduced (Kleyn, 1992; Rousseau and Marangoni, 1999). Interes-
terification may be useful in incorporating healthful fatty acids, such as
conjugated linoleic acid, into milk and other fats (Garcia et al., 1998). This
would have consequences for the physical properties of milk fat. For ex-
ample, when blends of palm stearin and milk fat were transesterified,
changes in polymorphic behavior were observed, with the B’ polymorph
being favored (Lai et al., 2000).

7.4.2. Manipulations During Processing

Processing conditions have a large impact on milk fat crystallization
and texture (Campos et al., 2002b; Herrera and Hartel, 2000a,b,c; van Aken
and Visser, 2000; Rye et al., 2005).
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7.4.2.1. Cooling Rate

Before butter is made, milk is first separated into cream in order to
increase the fat content to approximately 40%. The cream is then pasteurized
and cooled. The rate at which cooling occurs can have a very large influence
on the consistency of butter. Because cooling rate influences milk fat in
many ways, it can be difficult to isolate its effect on any one parameter. For
example, rapid cooling influences the size of fat crystals and in turn the texture
of butter (Haighton, 1976; Deffense, 1987). Cooling rate also affects the
ratio of solid to liquid fat present because of mixed crystal formation
(Mulder, 1953). When milk fat is cooled rapidly, a higher solid fat content
and a firmer product result (Foley and Brady, 1984). Some of the increased
hardness is also attributable to the formation of many small crystals
during rapid cooling (deMan, 1963b; Sone et al., 1966; Parkinson et al.,
1970).

Cooling rate dictates the number of nuclei formed during crystalliza-
tion. It therefore influences the size to which crystals can grow (Bailey, 1951).
Large crystals have been correlated with soft fats (Feuge and Guice, 1959).
The crystal surface area also differs between small and large crystals and can
influence the rheology of a fat product. For example, during rapid cooling,
many small crystals form. As a result, the crystal surface area in the sample is
high. This allows for more liquid fat to be absorbed than during slow
cooling. In turn, the amount of liquid fat that is available to form the
continuous phase in butter is reduced. The result is a firmer consistency
(Boudreau and Saint-Amant, 1985).

7.4.2.2. Cream Aging

Before cream is churned into butter, it is typically aged by manipulat-
ing its temperature. This is an economical and successful approach to
modifying butter consistency (Precht, 1988). It has been used for nearly a
century with demonstrated success. For example, butter held before churn-
ing has more free liquid oil and a softer texture than butter that is churned
immediately (Dolby, 1954). Holding the cream overnight between 10°C and
12.8°C can improve the texture of winter butter (Nielsen, 1971). The Swedish
or Alnarp “6-12-6” method (Alfa-Laval, 1987) is one example of a com-
mercial procedure. Such cold-warm-cold processes result in butters with a
higher level of liquid fat than samples cooled directly to lower temperatures
(Szakaly and Schaffer, 1988). The success of ripening is usually attributed
to the effects of liquid fat on crystal formation (Precht, 1988). During the
warming process, crystals of high melting TAGs probably melt, leading to a
reduction in hardness (Precht, 1988).
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7.4.2.3. Method of Churning

Cream is churned in order to induce a partial phase inversion and
agglomeration of the partially crystalline fat and ruptured fat globule
remnants. Exactly how churning is performed can have a large influence
on the texture of the resulting butter (Sone et al., 1966; Vasic and deMan,
1968; Black, 1975; Kawanari et al., 1981). Butter was traditionally churned
in batches in a large wooden or metal churn. This type of operation has
largely been replaced by continuous technologies, including accelerated
churning (Fritz-type), phase inversion and emulsification methods.

There are differences in the butter made by the conventional or
continuous methods. Continuously-churned butter is typically harder
(deMan, 1976), in part because of differences in how the fat globules are
affected by the manufacturing method. When butter is batch-churned, up to
46% of the fat phase can remain in the globules. In contrast, the globule
structure is completely destroyed in continuous operations such as the
“Gold’n flow” process. In this case, all the fat is free (Kawanari, 1996).
The degree of crystallinity and crystal morphologies also differ between
churning technologies (deMan and Wood, 1958a; Sone et al., 1966).

When and how any mechanical treatment is applied can also differ
between the conventional and continuous approaches. In continuous oper-
ations, most of the agitation is applied before crystallization. In contrast,
conventionally manufactured butter is typically agitated after most of the fat
has crystallized. Agitation during crystallization can influence crystal size by
increasing secondary nucleation. It can also impede crystal agglomeration
and lead to more discrete crystals. This fat tends to be softer at a given solid
fat content (Sherman, 1976). Milk fat crystals also tend to be larger and
more irregularly shaped when batch crystallization is used (Vasic and
deMan, 1968). Some of the differences in particle size are related to differ-
ences in cooling rate between the manufacturing methods. For example,
cooling tends to be more rapid in the scraped-surface heat exchangers than
in the traditional processes (deMan, 1963b). Crystal morphology also affects
butter consistency (Sone et al., 1966). Plate-shaped, disc-shaped or needle-
shaped particles cause more resistance to flow than spherically-shaped
crystals (deMan, 1964). In order to promote the development of desirable
large crystals, butter can be seeded (Black, 1975; Joyner, 1953). While this
“recycling” of crystals can lead to a softer fat, it can also adversely affect the
appearance of butter (Black, 1975).

7.4.2.4. Mechanical Working

Before butter is packaged, it is typically worked to achieve a desirable
texture (Joyner, 1953). This step also helps to disperse the water and salt in
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the continuous oil phase and promotes the release of fat crystals and oil from
the fat globules (Boudreau and Saint-Amant, 1985). Reworking can be used
to reduce butter hardness (MacGibbon and McLennan, 1987). Although
softening occurs, some of the original firmness is regained during storage
because of thixotropic setting (deMan, 1976). Beyond a certain point, work-
ing has no effect on butter hardness. With excessive working, however,
butter can become sticky (Sone et al., 1966; Gupta and deMan, 1985).

7.4.2.4. Storage Conditions

The storage time and temperature can influence the texture of butter by
influencing setting (deMan, 1969; Kulkarni and Rama Murthy, 1985;
Precht, 1988). The extent of setting depends on the original hardness of the
butter, the composition of the fat and the manufacturing procedure (deMan
and Wood, 1959; Precht, 1988). Setting tends to be more extensive in
conventionally made butter than in butter that is churned continuously
(deMan and Wood, 1959). Storage temperature is critical in determining
the rheological properties of butter, primarily because of its influence on
solid fat content. Mortensen and Danmark (1982a) observed a doubling in
hardness with only a slight decrease in storage temperature.

7.5. Some Case Studies. Milk Fat Crystallization: Structure
and Rheological Properties

Texture is an important parameter in determining the consumer’s acceptance
of dairy-based foods. Therefore, formulating and processing products
with desirable attributes is key. Establishing relationships between milk
fat composition, crystallization behavior, microstructure, and mechanical
properties is therefore important. The following case studies will demon-
strate how such links can be explored and the benefits of taking a holistic
approach to understanding the behavior and properties of milk fat.

7.5.1. Effect of Cooling Rate on Milk Fat Crystallization and
Rheology

Processing conditions, including cooling rate, influence the structure
and therefore the rheology of milk fat (Campos e al., 2002b). By under-
standing how cooling rate influences milk fat structure and, in turn, how
the fat crystal network structure influences rheological properties, processors
can manipulate their operations to achieve desirable outcomes. The effect of
cooling rate on milk fat microstructure is shown in Figure 7.17.
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Figure 7.17. Effect of cooling rate on the microstructure of milk fat cooled to 5°C slowly
(0.1°C/min) (A) or quickly (5.0°C/min) (B).

When milk fat is cooled to 5°C at a rate of 0.1°C/min, a spherulitic
microstructure is observed (Figure 7.17A). In contrast, when the same milk
fat is cooled quickly from the melt to 5°C at a rate of 5°C/min, a more
granular microstructure is observed (Figure 7.17B). During slow cooling,
extensive crystal growth occurs. In contrast, during rapid cooling, crystal-
lization proceeds more quickly and nucleation events predominate over
crystal growth processes. The result is a large number of small microstruc-
tural features (17B). These microstructural features are distributed in a less
orderly fashion than in the case of slow cooling. Figure 7.18 shows the
results of the microstructural analysis, determined using a rheological ap-
proach, for slow-cooled (18A) and fast-cooled (18B) milk fat.



Crystallization and Rheological Properties of Milk Fat 279

A B
7.5 7.5
w 707 / w 70 Fi/./i/'
e 2
(@] 1 (o]
(o] q o]
2 654 2 6.5
] D=2.48 D=1.95
i A =25MPa A =55MPa
6.0 T T 60+——————F——————
-0.6 -0.5 -0.4 03 -06 -0.5 -0.4 -03
Logqo @ Logqo @

Figure 7.18. Microstructural analysis: Rheological determination of fractal dimension (D) and
exponential term (A) for milk fat (A) slowly (0.1°C/min) or (B) rapidly cooled (5.0°C/min) to 5°C.

The fractal dimension of the fat crystal network in milk fat decreased
from 2.5 to 2.0 when the cooling rate was increased. Concomitantly, the
particle-related constant, A, increases. These results demonstrate how a
faster cooling rate leads to a less ordered spatial distribution of mass within
the microstructural network, which would result in a lower value of D, and a
decrease in the average particle diameter, which would result in a higher
value of A, as predicted by our model. These microstructural changes were
correlated with a much higher yield force value for the rapidly cooled milk
fat (64.1 £3.3N versus 33.0 + 3.9N for the samples cooled at 5.0°C/min
and 0.1°C/min, respectively).

7.5.2. Effect of Supplementation with Algae Meal on Milk Fat
Crystallization and Rheology

The enrichment with, and incorporation of healthful lipids into milk
fat is an attractive option from a nutritional standpoint. To this end,
attempts have been made to increase the conjugated linoleic acid (CLA)
content of cow’s milk (Mansbridge and Blake, 1997; Chilliard et al., 2001;
Hillbrick and Augustin, 2002; Singh et al., 2004). An additional benefit of
increased unsaturation is altered physical properties of the milk fat, specifi-
cally, improved butter spreadability (Banks and Christie, 1990). The com-
position of milk fat is a major factor in determining its consistency. This was
evidenced on supplementation of cows’ diets with algal meal to increase the
CLA content of milk fat (Singh ez al., 2004). The algal supplementation
resulted in a threefold increase in total CLA concentration and an altered
fatty acid profile overall. In particular, large decreases in Cg, and Cig.1cjs,
accompanied by a large increase in Cig.|/qans, Were observed.
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These compositional differences were correlated with altered crystal-
lization and mechanical properties. The enriched milk fat crystallized much
more rapidly at 19°C than the control milk. Between 20 and 27°C,
nucleation induction time was reduced for the CLA-enriched milk, owing
to a higher degree of supersaturation. Different polymorphic behavior
was also observed for the control and enriched milk fats. At 5°C, the
enriched milk fat had a greater tendency to nucleate in the 8’ polymorph
while the control milk nucleated in the a form. The differences in crystal-
lization behavior translated into differences in terms of microstructure.
Significantly more clustering of the crystals was observed in the enriched
milk, as reflected by a lower box-counting fractal dimension over the con-
trol. In turn, the rheological properties of the milk fats were different.
The enriched milk fat had a higher elastic constant (224 N/mm) than the
control (100 N/mm) after 24 hours at 5°C. This occurred despite the slight
decrease in SFC in the enriched milk (47.4 versus 44.4%). The study
confirms the link between composition and rheological properties. Changes
in crystallization behavior and microstructure are able to explain the
observed trends.

7.5.3. Effect of Minor Components on Milk Fat Crystallization
and Rheology

Although milk fat is composed primarily of TAGs, minor lipids,
including partial acylglycerols, free fatty acids, cholesterol and phospho-
lipids are also present in small quantities. The influence of these minor
components on milk fat crystallization, structure, and rheological properties
has been investigated (Wright et al., 2000; Wright and Marangoni, 2003).
When the minor components were removed from milk fat, crystallization
proceeded more rapidly. Specifically, at low degrees of supercooling (i.e., to
20°C and above) the minor components delayed crystallization either at the
nucleation stage or during early crystal growth. Although crystallization was
delayed, polymorphism was unaffected by the minor components and the
microstructure in the absence or presence of the minor components were
similar between 5 and 25°C.

The effect of the minor components was kinetic, rather than thermo-
dynamic. Although the crystallization kinetics were altered, the structure
and mechanical properties of milk fat were the same with or without the
minor lipids. The samples reached the same SFC value and had a similar
microstructure as observed visually and as characterized by the fractal
dimension. The rheological properties of the fats were also similar. Neither
the storage modulus nor the yield force was affected by removal of the
minor components (Wright and Marangoni, 2003). Large changes in the
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microstructure and mechanical properties of milk fat were, however, ob-
served with changes in temperature. In this study, the composition of milk
fat was correlated with changes in crystallization. However, the delay did not
result in obvious or detectable changes in microstructure and mechanical
properties. Instead, the results point to a kinetic effect of minor components
and the possibility that such ingredients could be used as processing aids
without impacting on the final quality of the product.

7.6. Conclusion

The crystallization behavior of milk fat is complex, owing, in large part, to
its complicated composition. By manipulating composition and crystalliza-
tion conditions, milk fat and dairy products with unique structures and
mechanical properties can be designed. Understanding the relationships
between composition, crystallization, structure, rheology and texture is a
powerful tool in this regard.
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Milk Fat: Physical, Chemical and
Enzymatic Modification

M.A. Augustin and C. Versteeg

8.1. Introduction

Milk is an oil-in-water emulsion, in which the milk fat exists within the natural
milk fat globule membrane. Comprehensive reviews are available on the
structure and composition of milk fat (Christie, 1994; Jensen 2002; Chapters
1 and 2). The properties of milk fat products are influenced primarily by the
fatty acid composition and the position of the fatty acids in the triacylglycerol
molecule. Triacylglycerols account for ~ 98% of the milk fat. The remaining
minor lipids in milk fat comprise monoacylglycerol, diacylglycerol, free fatty
acids, phospholipids, glycolipids and sterols, which although present in only
small quantities, can also influence the properties of the milk fat.

The main milk fat products are butter, which is produced by churning
sweet or ripened cream, and anhydrous milk fat, prepared by separation of
the milk fat from melted butter or high-fat cream. Milk fat is used tradition-
ally as an ingredient in many food applications, including bakery products,
ice cream, chocolate and confectionery. Milk fat ingredients are now finding
applications in ready-to-eat short shelf-life products such as dips, dressings
and ready meals (Burgess, 2001).

Milk fat is valued for its pleasant flavor but its melting and rheological
properties often need to be modified to make it more suitable for many food
applications. The uses of milk fat can be increased by the application of
various processing interventions such as fractionation, selective blending
and texturization, and chemical or enzymic processes to produce speciality
milk fat ingredients (Kaylegian, 1999). Most of these modification procedures
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are concerned with changing the composition of the triacylglycerols. These
treatments alter the physical and nutritional properties of the fat, enabling
the tailoring of the milk fat for specific end-uses as well as expanding the
range of applications. There are also other processing interventions aimed
specifically at making the milk fat ingredient more attractive to the user.
These are usually targeted at the minor components; one that has attracted
interest over the years has been the application of processing treatments to
remove cholesterol. More recently, the interest has shifted to treatments to
increase the level of desirable components (e.g., conjugated linoleic acid)

There is inherently significant natural variation in the composition of
milk fat, because it is affected by many factors such as cow breed, stage of
lactation, season and diet of the cow (Palmquist et al., 1993; Ashes et al.,
1997; Chapters 1 and 2). Although on-farm approaches can be used to alter
the composition of milk fat to improve its nutritional composition and
physical characteristics (Banks et al., 1980; Banks and Christie, 1980;
Hawke and Taylor, 1994; Baer, 2001; Fearon, 2001; Jensen 2002), these
will not be covered here (see Chapter 2).

This chapter is focussed on the post-farm modification of milk fat by
physical, chemical or enzymic means. The use and control of these processes for
differentiation of milk fat to widen its application range or tailor it for specific
end-applications (Mortensen, 1983; Mogensen, 1985; Boudreau and Arul,
1991; Rajah and Burgess, 1991) will be discussed. The effects of the modifica-
tion processes and minor lipid components on the texture and crystallization
behavior of milk fat are covered. The potential for applying modification
processes to improve the nutritional quality of milk fat is also considered.

8.2. Physical Modification of Milk Fat

Physical modification of milk fat by fractionating milk fat or by blending
milk fat or milk fat fractions with other oils and fats results in products with
an altered triacylglycerol composition, but one in which the fatty acids in
milk fat maintain their original position in the triacylglycerol molecules
(Kaylegian, 1999).

Other methods of physical modification can involve changes in the
texture of the milk fat solely by application of physical treatments to the fat
without changing the triacylglycerol composition. This involves tempering
or re-working the cream or butter or incorporation of air (Dixon, 1967;
Mogensen, 1985). In the Alnarp cream crystallization process and variations
thereof, cream is cooled rapidly to a temperature between 8§ and 4°C to
initiate crystallization prior to butter-making to give softer butter. After a
short holding time, the cream is warmed to about 20°C at which most of the
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high melting triacylglycerols crystallize, then cooled to the churning tem-
perature for further crystallization of the middle-melting triacylglycerol. It is
then held, typically, overnight before churning (Dixon, 1969). However, re-
crystallization and firming occurs on storage and re-working is usually
carried out. It has been shown that fast crystallization of milk fat using a
scrapped-surface heat exchanger, followed by kneading of the milk fat in a
working unit, reduces the apparent yield value. The kneading of the milk fat
breaks the interactions between crystals but the firmness of the reworked
butter increases during cool storage (van Aken and Visser, 2000). Subse-
quent kneading can soften the milk fat product, but the yield value increases
again due to ongoing re-crystallization processes. This work shows, that
although useful modifications can be made using specific crystallization
and reworking techniques, the effects are moderate and the benefits are
largely lost over time. Fractionation techniques offer opportunities for
more enhanced and permanent modifications to physical properties.

8.2.1. Fractionation

Milk fat has a large number of fatty acids (>400) and a very hetero-
geneous triacylglycerol composition (see Chapter 1). It has a wide melting
range (between about —40 and +40°C). Milk fat lends itself to separation
into a series of fractions with different chemical compositions and physical
properties and this broadens its application range. Kaylegian and Lindsay
(1995) presented a very comprehensive review of milk fat fractionation
technology and applications of milk fat fractions in a range of products.
Fractionation techniques examined include dry fractionation, solvent frac-
tionation, supercritical fluid extraction and short-path distillation.

8.2.1.1. Dry Fractionation

Dry fractionation involves melting the milk fat, controlled cooling and
crystallization of molten milk fat while cooling to or at a desired temperature
and separation of the crystals from the liquid phase. The process is attractive
because of its simplicity, relatively low costs and ability to select between
fractions based on the melting or functional properties of the fats, which is
usually the reason for fractionation. It does not involve the use of solvents,
detergents or other additives and furthermore, the desirable flavor notes
are not lost although they are partitioned differently between the various
fractions.

Dry fractionation is the most commonly used method in industry for
fractionation of milk fat. After a decade of rapid growth to an installed
capacity of over 800 tonnes/day in 1990 (Versteeg et al., 1994), with plants in
Belgium and several other European countries, growth to 2005 has been
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much slower, with some plants upgraded and additional plants established in
the USA, New Zealand and Spain, bringing total capacity to about 1000
tonnes/day (Deffense, personal communication).

The main commercial fractionation process for milk fat is the Tirtiaux
process, followed by the De Smet process. There are also some proprietary
variations of the dry fractionation process which enable the production of
various milk fat fractions. The characteristics of the fractions obtained are
affected by many factors, including the equipment design, the associated
process, the initial temperature of the molten fat, the crystallization condi-
tions (e.g., degree of initial supercooling), the rate of subsequent cooling and
agitation after crystallization commences, the final temperature of fraction-
ation and the method used to separate the fractions.

8.2.1.1.1. Design of equipment for dry fractionation and process control

Both the Tirtiaux and De Smet processes commence by melting the
milk fat to 60-80°C, which is significantly above its melting point, to ensure
that the highest melting triacylglycerols are molten. This is followed by rapid
cooling of the melt. However, in the Tirtiaux process, the crystallization step
is conducted in large insulated tanks with a relatively small heat exchange
surface to volume ratio and gentle mixing. In contrast, in the De Smet
process, concentric crystallizers with a relatively much larger heat exchange
surface to volume ratio and much more intense agitation are used.

In the Tirtiaux process, the cooling rate is significantly reduced near
the melting point and is maintained throughout the initial crystallization,
during which the temperature of the oil may rise slightly, because of the heat
of crystallization. This process results in the formation of B’ crystals. After
the initial crystallization, the intention of the process is to grow the existing
fat crystals, but not to create new ones. Therefore slow cooling and gentle
agitation is maintained until the final fractionation temperature is reached
(typically between 28 and 18°C). Thus, very evenly-sized crystals can
be obtained, which are easy to remove by filtration. Typically it takes
about 16-20 h after commencement of the process before filtration takes
place. In the De Smet process, the cooling is conducted in a number of pre-
calculated steps to bring down the temperature within a few hours to the
final set point of the fractionation temperature. Holding times of more than
an hour may be used in both processes to complete the crystallization and
increase the average crystal size. The heat of crystallization and the energy
that drives the crystallization increases with the cube of crystal size whereas
the opposing force of surface tension increases with the square of crystal size.
Furthermore, smaller fat crystals are more soluble in the remaining liquid fat
than larger crystals and redissolve, whilst the larger crystals grow at their
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expense (Timms, 2005). Fat crystals in the De Smet process are much more
heterogeneous in size than in a well-executed Tirtiaux process and are
more difficult to remove by filtration. In the De Smet process, the crystals
are ready for filtration in 6-8 h after commencing the process.

In a multistep fractionation, one or both of the fractions are reheated
and taken through the process again, but at different temperature control
points and with other process parameters. Commencing with a relatively soft
milk fat, the first fractionation step can be conducted at about 18°C,
followed by a second step at or below 10°C. When fractionating a harder
milk fat, the crystal mass becomes too large and can no longer be filtered on
a vacuum filter at 18°C; therefore, the first step must be conducted at a
higher temperature of about 22°C, which can be followed by a second step
at 12-14°C and a third step below 10°C. In a multistep fractionation of
olein, metastable supersaturated fat solutions may be formed and more
supercooling may be required to initiate crystallization, which makes it
more difficult to control crystallization evenly. Seeding or induced nucle-
ation techniques may be used (Deffense, 2000; Illingworth, 2002; Gibon and
Tirtiaux, personal communication), speeding up the process significantly and
improving the quality (separability) of the fractions. As milk fat is quite
sensitive to oxidation, crystallization and filtration may be conducted under

Third
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Stearin : S / bP:82°C
_—"| DP:45°C Second (Soft)
o gtg:_aréré :088 Olein : 0SO
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T~ Okin:0 4 2 Recyling
DP . 21 OC ..................................... Stearin : OOS
DP:21°C
/V
Super
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Figure 8.1. Example of a 3-step fractionation process for milk fat, with optional recycling of
some fractions. AMF = Anhydrous milk fat; DP = Dropping point of the fraction; O = Olein or
soft fraction of given step; S = Stearin or hard fraction of given step (Gibon and Tirtiaux,
personal communication).
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an inert gas, such as nitrogen (van Aken et al., 1999) or CO,. This is
especially important in multistep fractionation of milk fat. An example of
a multistep fractionation schedule is given in Figure 8.1.

8.2.1.1.2. Temperature and crystallization conditions

There are many laboratory studies that examined isothermal crystal-
lization using differential scanning calorimetry DSC (Foubert ez al., 2002;
Vanhoutte et al., 2002b). Models such as the Avrami and Gompertz models
have been used to describe the isothermal crystallization process and
Foubert et al. (2002) proposed a new model applicable to several fats,
including milk fat, at a range of temperatures. These laboratory studies
can give useful insights into factors affecting the process but may not be
correlated directly to industrial processes because of differences in cooling
rates and conditions for fractionation. There have been several studies on
cooling rates, fractionation temperature, holding time, stirrer design, stirrer
tip speed and other variables on crystallization and filtration behavior at
scales from less than 1 L to more than 900 L (Deffense, 1987; Patience et al.,
1999; Herrera and Hartel, 2000; Vanhoutte et al., 2002¢, 2003; Dewettinck
et al., 2003). The studies of Patience et al. (1999) on two laboratory crystal-
lizers (0.6 and 3.6 L) show the difficulties in translating data obtained
from one scale to another. The design and operation of commercial-size
crystallizers based on sound engineering principles has not been universally
successful and some professional “art’ remains.

The observations of Campos et al. (2002) showed that in non-isothermal
crystallization, the slow reduction of temperature results in a lower crystal
volume containing larger crystals and a more heterogeneous spatial distribu-
tion of the mass. This gives a softer fat compared to when milk fat
is crystallized at a faster rate. In laboratory experiments using a Bohlin
rheometer as a crystallizer, Breitschuh and Windhab (1998) demonstrated
that compound crystals were formed during supercooling and that less
compositionally differentiated fractions were produced.

When comparing the crystallization behavior of various milk fat frac-
tions from multistep fractionation, van Aken et al. (1999) showed that the
B’ crystals were present in all fractions. The main difference between frac-
tions was the lower rate of crystallization in the ' form in the lower melting
fractions compared to the higher melting fractions. ten Grotenhuis et al.
(1999) showed that very fast cooling rates of milk fat of greater than 2.5°C to
—70°C/min, resulted in y and « crystals. At cooling rates between 2.5 and
1°C/m, only « crystals were formed. At cooling rates slower than 1°C/min,
B’ crystals were formed with only a small amount of « crystals. In isothermal
crystallization experiments between —10 and 17°C, initially « crystals were
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formed, but over time they all transformed to the more stable ' form, but at
a slower rate at lower temperatures (ten Grotenhuis ez al., 1999).

8.2.1.1.3. Filtration

Commercially, separation is mostly performed by vacuum filtration on
belt or drum filters or by pressure in membrane filters (Illingworth, 2002).
Evenly-sized well-developed spherical crystals, such as those obtained in a
well-executed Tirtiaux process, can be easily recovered using vacuum filters.
For optimal filtration, the air on top of the filter may be cooled or heated to
the filtration temperature to avoid melting or crystallization on the filter and
clogging of the filter cake. This results in increasing entrainment and redu-
cing filter speed. A considerable amount of oil is entrained in the filter cake,
which can be as much as 60-70% for milk fat.

Membrane filters have a much better separation efficiency, and oil
entrainment is reduced to 40-45% (Deffense, 2000). With softer and/or less
evenly sized crystals, such as the crystals that tend to be obtained in the
De Smet crystallization process, membrane filters are much preferred. How-
ever, membrane filters are being used increasingly for all crystallization systems
to get better separations and less oil entrainment, especially in multistep
fractionation, where crystals can become more difficult to filter. An added
advantage is that membrane filtration is easier to conduct under an inert gas.

The filter cake is removed continuously by scraping from the vacuum
filters or batch-wise after completion of the filtration with membrane filters.
After removal in either system, the stearin fraction is melted for further
handling and processing.

New centrifugal systems such as a filter or worm centrifuge and nozzle
centrifuges (Deffense, 2000; Timms, 2005) are becoming more popular in dry
fractionation. The separation efficiency of the filter centrifuge is comparable
to the membrane filter. Further advantages of centrifuges include enclosed,
hygienic and continuous operation (Deffense, 2000).

8.2.1.1.4. Other factors affecting the process

In isothermal crystallization trials in a DSC and NMR, it was found
that 0.05% and 0.5%, w/w, phospholipids could very significantly delay the
onset of crystallization and crystal growth rate. The induction time was
significantly increased at the higher concentrations of added phospholipid,
an effect that has been attributed to the adsorption of the added phospho-
lipid on the growth site of the fat crystal. In small-scale fractionation
experiments, filtration rates were reduced by up to 20 times and oil inclusion
increased, reducing the melting points of the stearins by up to 4°C
(Vanhoutte et al., 2002 a, b). These results show the importance of adequate
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removal of phospholipids during the production of anhydrous milk fat for
fractionation.

The process efficiency and yields are also affected by the triacylglycerol
composition of the milk fat, the quality parameters such as the remaining
water, and phospholipid concentrations (Vanhoutte et al., 2002b). Shi et al.
(2001) found a positive correlation between nucleation rate and the ratio of
“solid and liquid-like” triacylglycerols in milk fats from different countries.
Wright et al. (2000a) showed that the presence of diacylglycerols could delay
the onset of crystallization with low degrees of supercooling. Particularly the
sn-1,2 isomers are believed to be responsible for increasing the crystallization
induction time and have a noticeable effect at 0.1% (w/w) (Wright and
Marangoni, 2002b).

8.2.1.1.5. New process developments

An interesting variation of the tank suspension crystallization, such as
in the Tirtiaux and De Smet processes described previously, is solid-layer
melt crystallization, as explored by Peters-Erjawetz et al. (1999). The hard
fraction is crystallized on a rotating drum and scraped off continuously. No
separate filtration step is needed to remove the hard fraction. Continuous
dry fractionation processes have been the focus of much development work,
some of which has been patented (Illingworth, 2002). However, none have
yet been commercialized for milk fat. An alternative method of fractionation
uses cross-flow filtration of melted butteroil on a hydrophobic membrane
(Bornaz et al., 1995a, b). This leads to partitioning of triacylglycerols on the
basis of their molecular weight and degree of unsaturation. Thus, no crys-
tallization step is required.

8.2.1.1.6. Properties of fractions

One of the attractions of dry fractionation of milk fat is that fractions
with tailored melting properties can be made by choosing the fractionation
conditions. Similar fractions can be produced from hard and soft milk fat,
but the relative yields may differ significantly.

Typically, milk fat has a melting point of ~33°C. The olein fraction
from a completed crystallization and well-conducted filtration will have a
melting point, softening point or Mettler Dropping point close to the frac-
tionation temperature, regardless of the temperature or fractionation step
(Deffense 1987; Versteeg 1991). If the crystallization is not completed or
small crystals are squeezed through the filter cake, the olein may have a
slightly higher melting point than the fractionation temperature. The solid
fat content of the liquid fraction below the melting point may vary some-
what, depending on the chemical composition of original milk fat, which will
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affect the properties of the fractions. Thus, in a one-step milk fat fraction-
ation, oleins with a melting point between 18 and 30°C may be produced
from the same milk fat.

The stearin separated from these oleins with vacuum filtration will
typically have a melting point of 42°C (Deffense, 1987) and vary relatively
little with the fractionation temperature at the first step for a given filtration
system. deMan and Finoro (1980), in small scale isothermal fractionation
studies, with holding time of 6 h at fractionation temperatures between 32
and 25°C, found very similar results. The melting point of the stearin is
affected much more by olein inclusion than fractionation temperature and
stearins obtained by membrane filtration normally have a significantly
higher melting point of up to 45°C (Gibon and Tirtiaux personal communi-
cation). The fact that the stearin has a much higher melting point than the
original milk fat, neatly demonstrates the phenomenon of triacylglycerol
intersolubility. The high-melting triacylglycerols are dissolved in the lower-
melting triacylglycerols. Once separated, the melting point of the mixture of
high-melting triacylglycerols goes up by 10°C or more, from about 33 to
43°C. When decreasing the fractionation temperature, the melting point and
solid fat content of both fractions are reduced.

The solid fat content and differential scanning thermograms of milk fat
and its fractions obtained from a two-stage fractionation process clearly
demonstrates the differentiated physical properties that may be obtained
by the process (Dimick et al., 1996a). Figure 8.2 gives the typical melting
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Figure 8.2. Solid fat content of anhydrous milk fat and fractions from a 3-step fractionation
using NMR. For coding of fractions see Figure 8.1 (Gibon and Tirtiaux, personal communication).
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Figure 8.3. Fatty acid composition of anhydrous milk fat and selected milk fat fractions
grouped in short chain, medium chain and long chain saturated fatty acids and unsaturated fatty
acids. For definition of fractions, see Figure 8.1. The numbers in the bars give the percentage of
the group of fatty acids. Data from Deffense (1987, Table 3).

profiles of a range of milk fat fractions using NMR (Gibon and Tirtiaux
personal communication). Although the individual fatty acid compositions
of all fractions do not vary greatly and are not much different from the
original milk fat, they are believed to be outside the seasonal variation of the
individual fatty acids (deMan and Finoro, 1980; Deffense, 1987). The soft
fractions are enriched in short-chain and unsaturated fatty acids and the
hard fractions, in long-chain saturated fatty acids (deMan and Finoro,
1980). Figure 8.3 illustrates the change in composition of groups of
fatty acids compared to the original milk fat. There are also significant
differences in the triacylglycerol composition — lower molecular weight
triacylglycerols with a carbon number below 42 are enriched in the
oleins, and the triacylglycerols with a carbon number greater than 42 are
enriched in the stearins. The difference between saturated and unsaturated
triacylglycerols within each molecular weight changes between fractions.
The unsaturated triacylglycerols are concentrated in the oleins and the
saturated triacylglycerols are significantly reduced in the oleins (Deffense,
1987, 1993; Dimick et al., 1996a). Changes in triacylglycerols in a “super-
olein” (melting point of 7°C) are compared with the original milk fat in
Figure 8.4.

Fractionation of milk fat results in the availability of speciality milk
fats that are suited to a broad range of applications, including pastries,
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Figure 8.4. Changes in triglyceride composition of top olein (OOO) with a dropping point
of 7°C compared to the original anhydrous milk fat. M = myristic acid; P = palmitic acid,;
S = stearic acid (Gibon and Tirtiaux, personal communication).

chocolate and confectionery. This is itself a major topic (Hartel, 1996;
German and Dillard, 1998; Kaylegian, 1999; Burgess, 2001) but it has not
been addressed here.

8.2.1.2. Solvent Fractionation

Milk fat can be separated into fractions with different melting points
by crystallization in an organic solvent. Many studies have examined
crystallization of milk fat in solvents such as acetone or ethanol; other
solvents including hexane, pentane, ethylacetate and isopropanal have
been studied also. The properties of fractions crystallized from solvents
have been summarized by Kaylegian and Lindsay (1995).

The phase behavior and crystallization kinetics of the milk fat are
dependent on the choice of solvent used for fractionation. Larsen and
Samuelson (1979) examined the use of acetone for fractionation of milk
fat. These authors suggest that the use of polar solvents has advantages
over the use of non-polar solvents. The polarity of the solvent used affects
the phase behavior and crystallization kinetics of milk fat. In polar solvents,
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rod-shaped crystals form, whereas in non-polar solvents, the crystals are not
as well defined and have a gel-like structure (Larsen and Samuelson, 1979).
Wright et al. (2000b) have shown that crystallization of milk fat is more
rapid in ethyl acetate than in hexane. The higher solubility of the triacylgly-
cerols in non-polar solvents tends to dissolve the triacylglycerol crystals,
resulting in a longer induction time. The solids content is higher when a
more polar solvent is used, with the effects being more obvious at lower
crystallization temperatures.

As in the case of dry fractionation, a number of fractions may be
obtained using solvent fractionation, depending on the fractionation tem-
perature. Van Aken et al. (1999) compared fractions of milk fat obtained by
acetone fractionation and dry fractionation. Acetone fractionation yields
high melting triacylglycerol fractions that are enriched in Cj¢,9 and Cys,o and
have reduced levels of short-chain fatty acids and unsaturated fatty acids,
medium-melting fractions that are enriched in Cj¢,9 and Cys,9 and reduced in
unsaturated fatty acids, and low-melting fractions that are reduced in Cjgg
and Cig, and have higher levels of short-chain fatty acids and unsaturated
fatty acids. The distribution of fatty acids and triacylglycerol carbon number
in fractions obtained by dry fractionation follows similar trends, except that
the magnitude of the change in the fatty acid composition is not as great as
that observed in fractions crystallized from acetone (van Aken ez al., 1999).
This is because separation of crystals from a solvent is more efficient. With
dry fractionation, liquid fat is included in the crystalline fraction. These
differences are reflected in the yields and clear points of the fractions
obtained at the same temperature when using these two fractionation tech-
niques. However, the separation efficiency that can now be obtained by
membrane filtration presses in dry fractionation, rivals that of solvent frac-
tionation (Timms, 2005).

Despite the benefits of faster crystallization rates and better efficiency
compared to dry fractionation (Schaap and van Beresteyen, 1970; Wright
et al., 2000b; Illingworth, 2002), crystallization of milk fat from a solvent has
not been carried out on an industrial scale. Some of the hurdles to the uptake
of solvent fractionation technology are the impaired flavor of the milk fat
fractions, the cost of the operation, and toxicological and environmental
concerns.

8.2.1.3. Supercritical Fluid Extraction

Supercritical CO; extraction may be used in batch or continuous sys-
tems to fractionate anhydrous milk fat into fractions with specific properties
in order to enhance its utilization (Arul et al., 1987; Bhaskar et al., 1993).
Supercritical fluid extraction using CO, provides an alternative to the use of



Milk Fat: Physical, Chemical and Enzymatic Modification 305

chemical solvents for the fractionation of milk fat. This fractionation tech-
nique exploits the solubility of components near the critical point of CO; and
the modulation of solubility using small changes in temperature and pressure.
Figure 8.5 shows a diagram of a pilot-scale continuous supercritical fluid
extraction system. In supercritical fluid extraction, milk fat is fractionated
into different streams selectively enriched in short-chain, medium-chain or
long-chain triacylglycerols. The processing conditions for fractionation of
milk fat may be varied to obtain different fractions. An advantage of super-
critical CO; fractionation is that the continuous process can be used to obtain
six or more fractions in one single step.

8.2.1.3.1. Effects of processing conditions

Kaufmann et al. (1982) used a pressure of 20 MPa at 80°C for frac-
tionation of butterfat into two fractions. The short-chain fatty acids
C4—Cyp were concentrated into the lower melting fraction, which had a
melting point of 20°C compared to 37°C for the original milk fat.

Eight fractions, with a melting temperature of 9.7-38.8°C, were
obtained using pressures of 10-35 MPa at 50-70°C (Arul et al., 1987). The

AMF

Figure 8.5. Schematic diagram of pilot-scale supercritical CO, processing system. 1.—anhydrous
milk fat (AMF) flow meter; 2. AMF pump; 3. CO, pump; 4. CO, loop; 5. flow loop; 6. entrainment
vessels; 7. view cell; 8. separator 1; 9. separator 2; 10. separator 3; 11. separator 4; 12. CO, meter;
13. dry test meter (Reproduced with permission from Bhaskar ez al., 1993).
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average molecular weight of the fractions increased with an increase in
melting temperature, suggesting that supercritical CO, extraction leads to
a significant degree of molecular weight separation.

Operating in the pressure range of 24.1-3.4 MPa and at a tempera-
ture of between 40-75°C, Bhaskar et al. (1993) separated the original
milk fat (melting point 40°C) into 5 fractions with a melting point
ranging from 42.9 to 28.4°C. Fractions with a higher melting point had
a lower saponification value (i.e., longer fatty acid chain length) and a
higher iodine value (i.e., a higher content of unsaturated fatty acids). In
fractions with long-chain fatty acids, the effect of the higher content of
unsaturated fatty acids on reducing the melting temperature of the
raffinate was off-set by the higher proportions of long-chain saturated
fatty acids.

8.2.1.3.2. Comparison between supercritical CO, extraction and dry
fractionation

The fractions obtained by supercritical CO, extraction are different
from those by dry fractionation. There are differences in the fatty acid and
triacylglycerol compositions and melting profiles (Table 8.1). As the charac-
teristics of the fractions depend on the conditions of the processes and the
number of fractions obtained, any comparison between fractions should
take into account not only the type of processes employed but also the
specific process conditions.

The two processes have been compared (Rizvi and Bhaskar, 1995;
Bhaskar et al., 1998). Differences in the carbon number of triacylglycerols
were more marked between solid and liquid fractions from supercritical CO,
fluid extraction than when melt fractionation was used (Table 8.1). Differ-
ences in the fatty acid and triacylglycerol compositions of fractions obtained
using these two processing technologies were, as expected, reflected in differ-
ences in solid fat content and DSC profiles. The differences in the chemical
and physical properties of the fractions are due to the differences in the basis
of fractionation—with supercritical CO, fluid extraction, fractionation is
based on molecular weight and the dielectric constant whereas in dry frac-
tionation using melt crystallization, the basis for separation is the difference
in the melting point of the various components in the milk fat.

There is a potential for the commercial application of supercritical
CO;, fluid extraction for fractionation of milk fat. However, the differences
between the melting properties are not as pronounced as with melt crystal-
lization, thereby limiting the application range of these fractions. Moreover,
this process is more expensive than melt crystallization (Bhaskar et al.,
1998). Nevertheless, niche applications could be developed if fractions rich
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in short-chain fatty acids or a solid fraction high in unsaturated fatty acids
are required (e.g., for nutritional purposes).

8.2.1.4. Short-path Distillation
8.2.1.4.1. Effects of processing conditions

In short-path distillation, molecules are volatilized into a vacuum. By
this method of molecular distillation, milk fat fractions with unique chemical
and physical properties may be obtained. The fatty acid composition of the
fractions is dependent on the distillation temperature and there is a high
degree of molecular weight separation between the fractions (Boudreau and
Arul, 1991). The solid fat content of distillates is lower than that of the
original milk fat whereas that of the retentate, which is enriched in high-
molecular weight triacylglycerols, is higher (Arul et al., 1988a; Campos et al.,
2003). Increasing the distillation temperature from 125 to 250°C increases
the yield of the distillate from 0.3 to 42.7% and increases the hardness of the
retentate (Campos et al., 2003).

8.2.1.4.2. Comparison of short-path distillation and other fractionation
processes

Rizvi and Bhaskar (1995) compared the properties of milk fat fractions
obtained by short-path distillation (vacuum distillation in three steps be-
tween 245-265°C between 200 and 100 wmHg; Arul er al., 1988a) with
supercritical CO; fluid extraction (24.1-3.4 MPa; 40-75°C; Bhaskar et al.,
1993) and melt crystallization (Makhlouf ef al., 1987). Trends for fatty acid
and triacylglycerol compositions were similar for the three techniques in
solid, intermediate melting and liquid fractions with respect to carbon
chain length but the proportions obtained varied. The concentrations of
short-chain and medium-chain fatty acids (C4—Cj,) in liquid fractions were
highest when short-path distillation was used compared to liquid fractions
from melt crystallization or supercritical CO; fluid extraction. Unsaturated
fatty acids increased in the liquid fraction when melt crystallization was used
but decreased with the other two fractionation techniques. The ratio of
unsaturated to saturated fatty acids for liquid fractions was lowest in the
liquid fraction from short-path distillation. Comparing the solid fraction,
the ratio of unsaturated to saturated fatty acids in the fraction from short
path distillation was intermediate between those obtained using melt crys-
tallization and supercritical CO, fluid extraction (Rizvi and Bhaskar, 1995).
Although the fractions from short-path distillation have distinctive proper-
ties compared to those obtained using other fractionation techniques, it has
not been used by industry. Short-path distillation has the disadvantage of
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decomposing and polymerizing unsaturated fatty acids and has high thermal
energy demands (Boudreau and Arul, 1991).

8.2.2. Physical Blends of Milk Fat with Other Fats and Oils

Increasingly, milk fat is blended with other edible fats or oils to obtain
products with desired functional properties in order to increase the applica-
tion range of milk fat products, whilst generally reducing ingredient costs.

8.2.2.1. Softening of Milk Fat

Milk fat fractions are blended with milk fat in cream or other fractions
to give spreadable butters (Deffense, 1987, 1993). Milk fat can also be
softened by blending with liquid vegetable oils such as canola oil (Rousseau
et al., 1996a). The addition of about 20% vegetable oil to cream before
churning to make a spreadable butter-based blend was introduced in Sweden
as Bregott as early as 1969 (Anon, 1969). In countries where the legislation
permits, these types of blends, table spreads consisting of butter/vegetable oil
blends with 20-40% vegetable oil of the total fat, have become very popular.
In Australia in 2003/2004, more than 53% of the milk fat-based table spreads
were sold as “dairy blends,” with traditional butter accounting for the other
47%. The dairy blend category was the only table spread growing in volume,
largely at the expense of margarines (Dairy Australia, 2004).

8.2.2.2. Hardening of Milk Fat

Milk fat may be made harder by blending with high melting triacylgly-
cerols or fats. Blending of milk fat with tripalmitin has been suggested to
make it more suitable for applications as moisture barriers in edible films
and coatings. Blending milk fat with 10-20% of tripalmitin is an alternative
to the use of hard milk fat fractions to increase the mechanical properties of
coatings (Fairley et al., 1994). Blending milk fat with beef tallow and beef
tallow fractions increases the hardness of the fat and increases its physical
functionality in shortening applications (Timms, 1979).

8.2.2.3. Effects of Blending on Crystallization Behavior

Research on blending milk fat and its fractions with cocoa butter to
reduce costs and/or to improve stability against fat bloom in chocolates has
had mixed results. Milk fat hard fractions have been reported to inhibit fat
bloom formation in both milk and dark chocolates (Versteeg et al., 1994;
Dimick et al., 1996b; Bricknell and Hartel, 1998) but to accelerate fat bloom
in compound coatings based on palm kernel oil (Ransom-Painter et al.,
1997). Reddy et al. (1996) showed the importance of modifying the
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tempering procedures to take into account the different crystallization be-
havior of the blends, in order to obtain good texture and stability.

While blending fats, often the melting properties can be different from
the arithmetically calculated average based on the composition of the blend.
Intersolubility can occur (e.g., the harder fat dissolves in the softer fat, thus
significantly lowering the melting point) resulting in eutectic interactions. An
example of this is given in Figure 8.6 for blends of milk fat with hydrogen-
ated coconut oils (Shen ef al., 2001).

In isosolids diagrams, which can be constructed for mixtures of two or
three fats, each line shows at which temperature a selected solids percentage
is obtained for all blends in the studied range. When the lines are straight,
the fats are believed to be compatible. The presence of eutectic and com-
pound interactions has been observed in blends of milk fat and beef tallow
where there are deviations from linearity of the isosolid lines above the 40%
solid-fat line (Timms, 1979) and also in blends with cocoa fat (Hartel, 1996;
Figure 8.7) and palm oil stearins (Nor Hayati et al., 2000). After sn-1,
3-interesterification of the blends, the eutectic effects were reduced. Hartel
(1996) concluded that, based on the isosolid diagrams, milk fat fractions are
fully compatible with palm kernel oil, yet they caused significant fat
bloom and softening in confectionary coatings. It was demonstrated that

SFC (%)

0 20 40 60 80 100
% HCO in AMF-HCO blend

Figure 8.6. Solid fat content in anhydrous milk fat (AMF) and hydrogenated coconut oil
(HCO) and their blends. Symbol — measured data; Straight line — weighted average; (Repro-
duced with permission from Shen et al., 2001).
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Figure 8.7. [Isosolid diagram of cocoa butter (CB) (Malaysian/Brazilian blend) with anhyd-
rous milk fat (AMF) (Reproduced with permission from Hartel, 1996).

blends of 50-70% anhydrous milk fat with soft palm stearin and hard palm
stearin could give similar melting characteristics to a milk fat hard fraction
(Nor Hayati et al., 2002).

8.2.3. Modification of Milk Fat Properties by Addition of Minor
Lipids

The minor lipid components in fats, such as partial glycerides, free
fatty acids and phospholipids, influence crystallization behavior and the
rheological properties of fat. Early workers demonstrated that the spread-
ability of butter could be improved by adding of 1% milk fat monoacylgly-
cerols (Gerson and Escher, 1966). Several additives, including Tweens,
Spans, lecithin, buttermilk solids and skim milk solids were effective in
improving the spreadability of butter. However, the beneficial effects were
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not evident after prolonged storage as the emulsifiers delayed, but did not
prevent, the hardening of butter (Kapsalis ez al., 1963). The whipping
properties of cream were superior when phospholipids were added to
cream (Thome and Eriksson, 1973).

Minor lipids can have a significant influence on the kinetics of crystal-
lization of milk fat. The effects on the kinetics of crystallization processes
should be separated from their influence on the final properties of the milk
fat. The effects of minor lipids on the modification of milk fat properties are
complex and are dependent on the type, chemical nature, concentration and
structure of the minor lipids (Wright and Marangoni, 2002a; Vanhoutte
et al., 2002a).

8.2.3.1. Effects of Minor Lipids on Milk Fat

The crystallization behavior of milk fat (which contains minor lipids)
and a pure triacylglycerol fraction of milk fat were compared by Herrera
et al. (1999). The results suggested that minor lipids delay nucleation but
promote crystal growth. Other workers who examined the effects of added
phospholipids on palm oil, suggested that some phospholipids delayed
nucleation while others had more significant effects on the rate of growth
of fat crystals (Smith, 2000).

Wright er al. (2000a) examined the effects of adding diacylglycerols at
0.1%, w/w, to milk fat triacylglycerols. The thermodynamic equilibrium was
not affected by adding diacylglycerol at this level. This was reflected in the
unchanged melting point and final solid fat content and similar milk fat
microstructure of systems with or without added diacylglycerol (Wright
et al., 2000a; Wright and Marangoni, 2002b).

However, the addition of 0.1%, w/w, diacylglycerols, isolated from
milk fat, influenced the kinetics of crystallisation of milk fat (Wright et al.,
2000a). Between 5 and 15°C, the induction time for crystallization, measured
by the solid fat content for crystallisation, was not affected. At a higher
temperature (20-27.5°C), the added diacylglycerols delayed the onset of
crystallisation. However, consistent results were not obtained. Differences
were observed with different batches of milk fat; in one, the addition of milk
fat diacylglycerols had a significant effect on crystallisation of milk fat
triacylglycerols, but in another there was only a small effect. It was suggested
that the differences in the positional distribution of fatty acids between the
diacylglycerols could have contributed to their differing effects on the rates
of crystallization (Wright and Marangoni, 2002a).

Studies on the addition of standard diacylglycerols demonstrated that
their racemic purity had a significant influence on crystallisation behavior of
milk fat triacylglycerols. Differences in the observed effects on crystallization
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behavior may be attributed to the extent of the molecular interactions
between the diacylglycerols and triacylglycerols (Wright and Marangoni,
2002b). Research on the effects of diacylglycerols on another oil, palm oil,
also showed that there could be differing effects on the inhibition of nucle-
ation and crystallisation depending on the nature of the diacylglycerols
added and their solubility (Siew and Ng, 1999).

8.2.3.2. Effects of Minor Lipids on Milkfat Blends

Tietz and Hartel (2000) studied the effects of removing or adding
minor components naturally present in milk fat on the crystallization of
milk fat-cocoa butter blends. They suggested that at low concentrations,
minor lipids act as sites for nucleation and promote the rate of crystallisation
and at higher concentrations inhibit crystallisation. They concluded that the
presence of minor lipids, at the concentrations naturally occurring in milk
fat, were sufficient to affect crystallisation rates, chocolate microstructure
and fat bloom formation in chocolate.

8.3. Chemical Modification of Milk Fat

Milk fat may be chemically modified to obtain products with altered func-
tionality. In contrast to physical modification of milk fat where the position
and nature of the fatty acid chains of the triacylglycerols are maintained, the
use of chemical processes results in modification of the composition of the
fatty acid chains or their positions in the triacylglycerol molecule.

8.3.1. Hydrogenation

Hydrogenation involves the addition of hydrogen atoms to the double
bonds in the fatty acid chain. The process is carried out at a high tempera-
ture in the presence of a catalyst. Hydrogenation reduces the degree of
unsaturation of fat and increases its hardness. It is used on an industrial
scale in the vegetable oil industry.

Research has shown that a low level of hydrogenation of milk fat
improved its oxidative stability (Mukherjea et al., 1966), an effect that is to
be expected due to the decrease in unsaturation. Hydrogenation of milk fat
to different extents enables the production of fats with higher melting points
and blends of these can be made to suit specific end-uses (Huyghebaert et al.,
1986). It is unlikely that hydrogenation will be used in the industry because
making milk fat more saturated is not desirable from a nutritional view-
point. Hydrogenation increases the level of trans fatty acids, which are of
concern from a nutritional point of view (Timms, 2005).



314 M.A. Augustin and C. Versteeg

8.3.2. Chemical Interesterification

Interesterification involves an exchange of acyl groups within and
between triacylglycerol molecules. This re-distribution of the fatty acids
results in modification of the physical properties and nutritional properties
of the fat (Frede, 1991). The traditional process of interesterification in-
volves the use of chemicals.

Chemical interesterification randomizes the fatty acid distribution in
the triacylglycerol. The extent of modification of the fat depends on the
composition of the starting fat and whether a single or a blend of fats is used
and the conditions of the chemical interesterification process (Mickle et al.,
1963; Huyghebaert et al., 1986; Rousseau and Marangoni, 2002).

8.3.2.1. Chemical Interesterification of Milk Fat

Early work showed that interesterification of milk fat resulted in an
increase in the melting point of milk fat and the concentration of high
melting triacylglycerols (de Man, 1961). The effect on the melting point of
milk fat was greater in the case of directed interesterification compared to
random interesterification. The use of solvents in the interesterification
process also enhances its effects on the melting point of the modified milk
fat (Weihe, 1961).

A reduced level of low molecular weight monounsaturated triacylgly-
cerols (Css and Csg) and increased levels of trisaturated triacylglycerols
(C44—Csp) was obtained on undirected chemical interesterification of milk
fat with sodium methoxide (0.5%) as catalyst, resulting in a wider temperature
range for crystallization compared to native milk fat (Parviainen et al., 1986).

Interesterification of milk fat at 90°C with sodium methylate as cata-
lyst (0.1-0.3%) for 1 hour significantly altered the ratio of low : high
molecular weight triacylglycerols. Huyghebaert er al. (1986) used the ratio
of Cs3/Cso as an indicator of the change on interesterification of milk fat.
Interesterification reduced the ratio of Csg/Csy, demonstrating the increased
level of the higher molecular weight triacylglycerol in the interesterified milk
fat. Changes in the solid fat content of the milk fat were also obtained after
interesterification.

Rousseau et al. (1996a) showed that chemical interesterification of
milk fat (using 0.5% methoxide at 78-82°C for between 15-120 min)
changed the triacylglycerol composition of the milk fat (Figure 8.8). It
caused a decrease in the lower melting triacylglycerols and an increase in
dropping point. Changes in the solid fat content were obtained, with the
interesterified milk fat having lower % solids below 15°C. The trend of
reduced solid fat content at low temperature (5-15°C) and increased solid
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Figure 8.8. Effect of chemical interesterification on the relative proportion (w/w) of milk fat
triacylglycerols as a function of carbon number (CN). TAG = triacylglycerol. Noninteresterified
milk fat (O-Q), interesterified milk fat-15 min (@-@), 30 min ([J-[]), 60 min (Il—MH), 90 min
(A-A), and 120 min (A-A). (Reproduced with permission from Rousseau et al., 1996a).

fat content as the temperature is raised to 35°C with chemically interester-
ified milk fat (Rousseau et al., 1996a) was similar to that observed previously
(Huyghebaert et al., 1986). The higher dropping point of the chemically
interesterified fat (37.0°C) compared to the unmodified milk fat (34.4°C)
was considered to be due to a more structured and denser crystal network of
the interesterified milk fat (Rousseau et al., 1996b).

When interesterification of milk fat was carried out at 100°C with 0.2%
sodium, there was an increase in middle-melting point triacylglycerols but
only small effects on the melting properties of milk fat (Timms and Parekh,
1980). These authors concluded that although the interesterified milk fat was
more compatible with cocoa butter than unmodified milk fat, the effects
were not sufficient to warrant the use of interesterification (Timms and
Parekh, 1980).

8.3.2.2. Chemical Interesterification of Fat Blends Containing Milkfat

The use of a blend of milk fat and other fats as the starting material
enables a wider range of physical properties to be achieved than when milk
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fat alone is used for interesterification. The properties of physical blends of
milk fat with another fat are significantly different from that of a chemically
intesterified blend.

8.3.2.2.1. Milkfat—beef tallow blends

From the 50% solid fat line in the isosolid diagram of physical blends
of milk fat and beef tallow, it was evident that there were eutectic and
compound interactions but these were absent in interesterified blends with
a more complex triacylglycerol composition (Timms, 1979).

8.3.2.2.2. Milkfat—corn oil blends

A comparison of physical mixtures of milk fat—corn oil and of blends
that were interesterified (0.5% sodium methoxide, 65-70°C under reduced
pressure) showed that interesterification increased the softening point of the
blends (Rodrigues and Gioielli, 2003). There were only small changes in the
total disaturated-monounsaturated and monounsaturated-diunsaturated
triacylglycerols but there were marked differences in the symmetrical and
asymmetrical contents of the triacylglycerols

8.3.2.2.3. Milkfat—canola oil blends

Rousseau et al. (1996a, b) examined the properties of physical blends
and those of blends obtained on chemical esterification of milk fat—canola oil
blends (using 0.5% methoxide, 78-82°C for 15-120 min). For milk fat—
canola oil blends containing >20%, w/w, canola oil, chemical interesterifica-
tion reduced the solid fat content of all blends (Rousseau ez al., 1996a). For
non-interesterified and interesterified blends, hardness decreased with in-
creasing content of canola oil.

At the same milk fat: canola oil ratio, interesterified blends were softer
than the non-interesterified blends, an observation that was attributed to the
combined effects of the dilution of the milk fat by the softer canola oil and
the incorporation of the unsaturated fatty acids of the canola oil into the
triacylglycerol molecules of the milk fat (Rousseau et al., 1996b).

8.4. Enzymic Modification of Milk Fat

Although the processes of hydrogenation and chemical interesterification
that are commonly used in the wider oils and fats industry may be applied to
milk fat, there are a number of factors that prevent these being an attractive
option for milk fat modification. Apart from the fact that ingredient
manufacturers are seeking alternatives to the use of chemicals, milk fat is
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expensive compared to most vegetable oils and fats and the delicate desirable
butter flavor for which milk fat is valued, is lost under the conditions
normally used for chemical processes. An alternative to the use of chemicals
is to use enzymes because gentler processing conditions may be used. The
most common enzyme used is lipase (glycerol ester hydrolase, EC 3.1.1.3)
that hydrolyses triacylglycerols, diacylglycerols and monoacylglycerols and
under certain circumstances may also catalyse the re-incorporation of free
fatty acids onto the glycerol backbone.

8.4.1. Enzymic Interesterification
8.4.1.1. Types of Lipases and Their Action

Lipases may be used to lipolyse milk fat to produce dairy flavor
enhancers or for interesterification of milk fat systems to produce milk fat
with improved nutritional or physical properties. Lipases may be used with
or without an organic solvent in the system (de Greyt and Huyghebaert,
1995; Rousseau and Marangoni, 2002).

Lipases can be classified into groups that reflect their specificity. The
common lipases include non-specific lipases that do not discriminate
between the position or the type of the fatty acid on the triacylglycerol
(e.g., lipase from Candida cylindracea) and 1,3-specific lipases that act only
at the sn-1 and sn-3 positions of the triacylglycerol (e.g., lipases from
Aspergillus niger and Rhizopus species). In addition, some lipases are specific
for a specific fatty acid type (e.g., lipase from Geotrichum candidum).

The action of the lipase, its stability and rate of reaction are influenced
by many factors, including temperature, pH, type of solvent, water activity
and whether it is in an immobilized or free form (Valivety et al., 1994;
Soumanou et al., 1999; Ma et al., 2002, Rousseau and Marangoni, 2002).
Liquid butteroil by itself can act as a solvent as well as a substrate and
interesterification is enhanced in the presence of an organic solvent such as
hexane (Lee and Swaisgood, 1997).

8.4.1.2. Enzymic Interesterification of Milk Fat

Interesterification of milk fat has been carried out by various free and
immobilized lipases in both solvent and solvent-free systems.

Safari et al. (1993) examined the interesterification of milk fat by the
lipase from Rhizomucor miehei in various organic solvents (hexane, hexane-
choloroform (70:30, v/v), and hexane-ethylacetate (70:30, v/v)). The addition
of chloroform or ethyl acetate to hexane increased lipase activity. It was
suggested that the polarity of the solvent influences the partitioning of water
in the system with consequent effects on enzymic activity. Bornaz et al.
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(1994) examined lipase-catalyzed interesterification of milk fat in a solvent-
free system. It was found that the use of a 1,3 specific lipase from Rhizomucor
miehei in a stirred batch reactor to effect interesterification raised the solid fat
content at 20°C from ~21 to ~46% after ~48 h.

Others have used enzyme treatment of milk fat to produce modified
milk fat with improved nutritional properties. Rhizomucor javanicus lipase
immobilized onto hydrophobic hollow fibres was found to have a reduced
specificity towards short chain fatty acids (Balcdo and Malcata, 1998 a, b).
Balcao et al. (1998a) examined the selective hydrolysis and interesterification
of milk fat by the 1,3-specific lipase from Rhizomucor javanicus immobilised
onto hydrophobic hollow fibres. Using a solvent-free system under con-
trolled water activity conditions at 40°C, it was possible to produce modified
milk fat with 10.9% less lauric, 10.7% less myristic and 13.6% less palmitic
acid than the unmodified milk fat. This was achieved by combined hydroly-
sis and interesterification and recyling of the milk fat through a hollow-fiber
bioreactor (Balcao et al., 1998a). The modified milk fat had 2.2% less total
saturated triacylglycerols, 5.4% more total monoene triacylglycerols and
2.9% less polyene triacylglycerols. As expected, the changed triacylglycerol
composition of the interesterified milk fat was accompanied by a modifica-
tion of the melting properties of the fat.

8.4.1.3. Enzymic Interesterification of Fat Blends Containing Milk Fat

The esterification of fat blends containing milk fat provides many
possibilities for widening the application range of the final product.

8.4.1.3.1. Milk fat—canola oil blends

Enzymic interesterification of butterfat/canola oil blends was carried
out using Rhizopus arrhizus lipase immobilized onto a polypropylene support
in a liquid/solid two-phase system (Rousseau and Marangoni, 1998 a, b).
Interesterification caused a decrease in Csp_4p and Cs4 and an increase in
Cy6_s» triacylglycerols. Interesterified blends had a lower solid fat content
than non-interesterified blends over the temperature range 5—40°C. Storage
and loss moduli, measured by dynamic oscillation, were lower for the inter-
esterified blends but the reverse trend was observed for the hardness index
measured by cone penetrometry. Differences in trends by large (cone pene-
trometry) or small-scale (oscillation) deformations may be explained by the
differences in the methods used for measurement. Other work has shown that
fats with a similar solid fat content can also have different textural properties
(Rousseau et al., 1996¢; Rousseau and Marangoni, 1998 a, b).

Ainsworth et al. (1996) showed that the interesterification of a 70%
milk fat: 30% canola oil (w/w) blend using an immobilised Lipozyme IM 60
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reduced the solid fat content at all temperatures between 0 and 30°C.
However, the decrease in solid fat content varied with reaction time. With
short reaction times, the decrease was more marked than with longer reac-
tion times. This was correlated to initial rapid 1,3-interesterification, fol-
lowed by the slower randomization of the fatty acids within the
triacylglycerols.

8.4.1.3.2. Milk fat-palm stearin blends

Interesterification of milk fat with palm stearin, the harder fraction
obtained on fractionation of palm oil, provides a possible route for the
production of pastry margarine and bakery products. Milk fat by itself,
unless fractionated into a hard fraction, is not very suitable in these appli-
cations because it lacks sufficient solids at high temperatures.

Detailed studies have been carried out on the interesterification of a
60:40 blend of milk fat and palm stearin by nonspecific lipases (from Pseu-
domonas sp. and Candida rugosa) or 1,3-specific lipases (from Aspergillus
niger, Rhizomucor miehei, Rhizopus javanicus, Rhizopus niveus and
Alcaligenes sp.) in a solvent-free system (Lai et al., 2000 a, b). Different
enzymes produced interesterified products with varying degrees of interes-
terification and solid fat contents. The highest degree of interesterification
was obtained with the non-specific lipase from Pseudomonas (33.9%), fol-
lowed by that interesterified with the 1,3-specific lipase from Rhizomucor
miehei (32.3%). The effect of lipase on the fat crystal polymorphs was
reflected in the differences in the relative proportions of B’ to B crystals in
the interesterified fat blend. The Pseudomonas lipase-catalyzed interesterified
milk fat—palm stearin blend had only the B’ crystal form whereas the blend
interesterified with Rhizomucor miehei lipase had a predominance of the p’
over the B form. The B’ form is desirable for applications in industrial
shortening or a pastry margarine, thus making the Pseudomonas lipase-
catalyzed interesterified milk fat—palm stearin blend suitable for these appli-
cations (Lai ef al., 2000 a, b).

One of the limitations encountered with the use of physical blends of
different fats is incompatibility of the fats causing softening of fats due to
eutectic effects. Nor Hayati et al. (2000) demonstrated that the eutectic effects
observed in physical blends of milk fat and palm stearin was reduced on
interesterification of the blend by a 1,3-specific enzyme (Lipozyme). The
interesterified blend has better functionality for bakery products than milk fat.

8.4.1.3.3. Milk fat-palm kernel olein blends

Milk fat may be softened by interesterificaton with a lauric fat (palm
kernel olein, the liquid fraction from fractionated palm kernel olein).
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Interesterification of blends of milk fat and palm kernel olein by a mycelium-
bound lipase from Rhizomucor miehei or a commercially immobilized
enzyme preparation resulted in a lower slip melting point and solid fat
content. An interesterified product made from a 70:30 mixture of palm
kernel olein and anhydrous milk fat was considered to be suitable for use
in ice cream (Liew et al., 2001).

8.4.1.4. Enzymic Interesterification of Milk Fat with Free Fatty Acids

The interest in interesterifying milk fat with free fatty acids is due to its
potential for incorporating nutritionally-desirable fatty acids into the tria-
cylglycerol molecules. For example, to improve the fatty acid composition of
milk fat for incorporation into infant formula, milk fat was esterified with
eicosapentaenoic acid, dodecahexaenoic acid, oleic acid and linoleic acid
using immobilised Rhizomucor miehei lipase (Christensen and Holmer,
1993). More targeted nutritional compositions may be obtained by control-
ling the pool of fatty acids added to milk fat and the conditions of inter-
esterification. It should be noted that changes in fatty acid composition
would be accompanied by an alteration of the physical properties of the fat.

8.4.1.4.1. Interesterification with oleic acid

Various authors have examined the properties of interesterified milk
fat—oleic acid. Balcdo et al. (1998b) used a 1,3-specific lipase from Rhizomucor
Jjavananicus immobilised onto hydrophobic hollow fibres in a solvent-free
system. The interesterification of the milk fat-oleic acid mixture (50%, v/v,
oleic acid in melted milk fat) reduced the total trisaturated triacylglycerols by
27% (Balcao et al., 1998b). This was accompanied by a decrease in the
hypercholesterolemic fatty acids—lauric acid (8% decrease), myristic acid
(6% decrease) and palmitic acid (6% decrease) and a small degree of hydroly-
sis. The levels of shorter chain fatty acids, which do not have a role in
increasing cholesterol levels, were not affected.

Oba and Witholt (1994) interesterified milk fat with oleic acid by a
commercial lipase from Rhizopus oryzae immobilised on glass beads. The
resulting milk fat, which had been interesterified with oleic acid, had 50%
more oleic acid and significantly less palmitic acid, but the level of short-
chain fatty acids was not altered. As expected, the melting point of the
resulting fat was lower than that of unmodified milk fat

8.4.1.4.2. Interesterification with w-3 fatty acids

-3 fatty acids are increasingly seen as components with an important
role in the prevention of many diseases including coronary heart disease and
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inflammatory disorders (Michelsen et al., 2001). Kim ez al. (2002) achieved
24% incorporation of a-linolenic acid (from perilla oil) into butterfat in 12 h.
Rhizopus arrhizus lipase immobilised on calcium carbonate was used to
catalyze the esterification at 55°C of a reaction mixture with 1:1 molar ratio
of substrate, 0.3%, w/w, water and 4%, w/w, of enzyme. Incorporation of
a-linolenic acid into butterfat was accompanied by improved spreadability
of the fat compared to butterfat.

8.4.1.4.3. Interesterification with conjugated linoleic acid

Conjugated linoleic acid (CLA) may have a role in improving
the nutritional and health properties of milk fat (Wahle et al., 2004; see
Chapter 3). A range of lipases was compared for their efficacy of catalysing
the incorporation of CLA into milk fat in solvent-free systems (Garcia et al.,
2000). It was concluded that it was technically feasible to incorporate CLA
into milk fat with the use of immobilised Candida antarctica lipase. How-
ever, the nutritional benefits and physical properties of the CLA-enriched
milk fat need to be investigated prior to consideration of this technology for
industrial application.

8.4.1.5. Comparison Between Chemical and Enzymic Interesterification

Similar changes in chemical composition and melting properties were
reported for chemical and enzymatic interesterification of milk fat with a
non-specific lipase (Kalo et al., 1986 a, b). Both processes result in random-
isation of the fatty acids.

When a 1,3-specific lipase is used for interesterification, the
enzymatically-modified product has some different properties compared to
those of a chemically-interesterified product. For example, the dropping
point of butterfat was increased slightly by chemical interesterification
whereas interesterification by a 1,3-lipase from Rhizopus arrhizus led to a
2-4°C decrease in dropping point. Although both methods of interesterifica-
tion reduced hardness, the magnitude of the effect was greater for the
enzymatically-interesterified fat (Marangoni and Rousseau, 1998).

When 80:20 blends of butter fat and canola oil were used, chemical
interesterification increased the solid fat content above 10°C while enzymatic
interesterification by Rhizopus arrhizus lipase reduced solid fat content over
the range 5-40°C (Rousseau and Marangoni, 1999).

8.4.2. Enzymic Hydrolysis

A number of studies have examined the use of lipases from a variety of
sources for hydrolysis of milk fat. Lipase from Aspergillus niger could be
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directed to hydrolyze butyric acid preferentially in butter-in-oil emulsions,
thus enhancing the production of free fatty acids responsible for dairy flavor
(Garcia et al., 1991). In organic solvent-free systems, lipase from Candida
rugosa had an increased activity toward butyric acid compared to lipase
from Pseudomanas fluorescens (Marangoni, 1994), indicating an opportunity
to effect selective changes in milk fat hydrolysis by an appropriate choice of
enzyme.

Alternatively, the enzyme may be used in an encapsulated form. Chen
and Chang (1993) showed that hydrolysis of milk fat by lipase from Candida
cyclindracea encapsulated in reverse micelles formed by soybean lecithin in
isooctane, could be manipulated to favor the release of short-chain fatty
acids by using a higher concentration of enzyme and a higher ratio of water
to surfactant concentration at 45°C.

8.5. Cholesterol Reduction

Cholesterol is present in milk at a level of 0.25-0.46%. The interest in
removing cholesterol from milk fat has been driven primarily by consumer
concern about the possible link between cholesterol and heart disease.
Although there is still some debate about the causal relationship between
dietary cholesterol and heart disease, a marketing position has been created
for low-cholesterol products and this has spurred interest in examining
alternative ways of cholesterol removal in the 1980s and 1990s (Schlimme,
1990). A number of physical, chemical and biological processes have been
used to reduce the level of cholesterol in milk fat (Boudreau and Arul, 1993).
Cholesterol-reduced butter has been introduced on the market in Europe
(Anon, 1992).

8.5.1. Distillation Processes

Distillation processes exploit the low volatility of cholesterol compared
to the major triacylglycerols of milk fat for removal of cholesterol. Vacuum
and short-path molecular distillation processes can efficiently remove
cholesterol but it may be achieved at the expense of removing some low-
molecular weight triacylglycerols and flavor components of the milk fat.
Vacuum steam distillation is commonly used for refining fats and can also be
used to refine milk fat. Cholesterol-reduced milk fat, which was produced by
steam distillation, has been used successfully to formulate butter, cream and
ice cream (Schroder and Baer, 1991, Elling et al., 1995, 1996). If the flavor of
milk fat is to be preserved, the flavors can be trapped and re-incorporated
into the milk fat that has been stripped of cholesterol (Boudreau and
Arul, 1993).
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8.5.2. Supercritical CO, Extraction

Supercritical CO, extraction has potential for the removal of choles-
terol. Careful manipulation of process conditions is necessary to obtain
efficient removal of cholesterol. When supercritical CO, extraction is used
to fractionate milk fat, the liquid fraction is enriched in cholesterol while
that of the solid fraction is reduced (Arul et al., 1988b).

8.5.2.1. Process Conditions

The efficiency of supercritical CO; for removing cholesterol is tem-
perature- and pressure-dependent. Removal of about 90% cholesterol from
milk fat was achieved using bench-scale supercritical CO, extraction using
an ascending pressure profile (Bradley, 1989). With multistage supercritical
CO, extraction, more than 90% cholesterol can be removed from milk fat
(Anon, 1989).

8.5.2.2. Use of Adsorbents During Supercritical CO, Extraction

The use of adsorbents in conjunction with appropriate conditions for
supercritical CO, extraction enhances the efficiency of cholesterol extraction.
Selective removal of 97% of cholesterol has been achieved with the use of
silica gel as an in-line adsorbent (Huber et al., 1996). Removal of 96% of
cholesterol in milk fat fractions can be achieved by a combined supercritical
CO; extraction and an alumina adsorption process (Mohamed et al., 1998).

8.5.3. Treatment with Adsorbents

Treating milk fat with adsorbents (e.g., carbon, activated carbon,
carbon impregnated with metal salts, porous glass, impregnated or chem-
ically-bonded porous glass) can reduce the cholesterol content of milk fat
(Keen, 1991). These adsorbents also remove colours and flavors, but these
may be added back into the butterfat.

Cholesterol may be removed selectively by cyclodextrins. Melted milk
fat is mixed with a cyclodextrin solutions and the complex is removed by
washing. The ability of cyclodextrin to form an inclusion complex
with cholesterol has been applied to reduce the cholesterol content of milk
fat, cream or milk (Courregelongue and Maffrand, 1989; Oakenfull et al.,
1991). However, the high cost of cyclodextrin prevents its use on an indus-
trial scale.

Alternative adsorbents for cholesterol are food-grade saponins. Com-
plexation of cholesterol in milk fat with saponins in aqueous solutions,
followed by separation of the cholesterol-saponin complex has been shown
to be technically feasible for cholesterol removal (Sundfeld et al., 1993).
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Micich et al. (1992) demonstrated that polymer-supported saponins could be
used to remove cholesterol from milk fat and that the polymers could
be regenerated by solvent extraction without loss of cholesterol-binding
capacity.

8.5.4. Treatment with Enzymes

Alternatively, enzymes may be used to convert cholesterol into other
products (Boudreau and Arul, 1993). Enzyme systems that have been exam-
ined include (1) cholesterol reductase, which converts cholesterol to copros-
tanol, a product that is poorly adsorbed by the body, and (2) cholesterol
oxidase, which oxidises cholesterol to non-steroid compounds. In the latter
case, the oxidised products are toxic (see Chapter 18). When enzymes are
used, it is necessary to demonstrate both the efficient conversion of the
cholesterol as well as the safety of the reaction products.

8.6. Future Trends

The food industry is moving away from the use of chemical processes
towards physical processes because of consumer perceptions, safety and
environmental concerns. Of the physical processes used in the milk fat
industry, dry fractionation has emerged as the preferred method for modi-
fying the properties of the fat as it has the advantage of preserving its
delicate flavor. Dry fractionation is likely to remain the dominant process
for modification of milk fat in the near future (Timms, 2005). Optimising
crystallization for maximum functionality and blending with other oils and
fats will also remain important areas of focus. Nosho et al. (2004) could
produce finer, more stable fat crystals for pastry margarines, giving better
quality pastry by using high-pressure surface heat exchangers up to 45 MPa.

Much higher pressures are used in high-pressure processing, which
is now a commercial reality in the food industry, with more than 65 com-
mercial installations in 2005. With more research, the potential for
this technology for milk fat differentiation may be realised. Buchheim and
El-Nour (1992) showed that exposure to pressures of 100-400 MPa for
15 min induces milk fat crystallization. Recent work has demonstrated
that high-pressure also induces shifts in the melting and crystallization of
bulk anhydrous milk fat and milk fat fractions. A shift of phase transition by
~16°C per 100 MPa for milk fat was obtained from isobaric heating and
cooling (Frede and Buchheim, 2000). The use of high-pressure processing
and other emerging food processing technologies (e.g., ultrasonication) for
modifying the milk fat component in isolation or when it is part of a food
product has not yet been fully explored.
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Solvent-free enzymatic interesterification of milk fat alone or with
other fats or fatty acids provides the most acceptable route for modification
of the triacylglycerol structures in milk fat and further research and devel-
opment in this field is expected to provide physical and physiological ben-
efits. From a nutritional perspective, it is of interest to examine the effects of
randomized milk fat on serum cholesterol. Christophe et al. (1978) reported
that substitution of native milk fat with chemically-randomized interester-
ified milk fat reduced cholesterol levels in man. However, others found that
there was no effect on serum cholesterol levels in man as a result of substi-
tution of ezymatically randomized milk fat (De Greyt and Huyghebaert,
1995). Further studies are required to determine if interesterified milk fat
provides a nutritional benefit.

There are opportunities for using on-farm and post-farm approaches
for manipulating milk fat to improve its attractiveness as an ingredient in
functional foods (Baer et al., 2001; Hillbrick and Augustin, 2002). The emer-
gence of the functional foods (i.e., foods that provide benefits beyond normal
nutrition) and the accumulating evidence that some fats, minor lipids and fat-
soluble products can have important roles in nutrition and the prevention
of disease (Parodi, 2003, 2004; see Chapter 17) has opened opportunities for
milk fat and its components in the growing market for functional foods.
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Chemistry and Technology of Butter
and Milk Fat Spreads

M.K. Keogh

9.1. Introduction

9.1.1. Legislation

Butter, margarine and spreads are viscoelastic solids (i.e., plastic emul-
sions that remain solid at room temperature and are mainly of the water-
in-oil type). EU regulation (EC) No. 2991/94, in force since January 1996,
provides definitions of spreadable fat products in the European Union.
Butter, margarine and (full-fat) blends must contain not less than 80% fat
but less than 90% fat, a maximum of 16% water and 2% non-fat milk solids.
The salt content must be indicated on the label. Reduced-fat or three-quarter
fat products should contain more than 41% but not more than 62% fat. Low-
fat, light or half-fat products should contain 10-41% fat. Margarine should
not contain more than 3% milk fat. Blended milk fat-vegetable fat products
should have a milk fat content of 10-80% of the total fat. The milk fat may
be modified only by physical processes, which in effect permits the use of
thermally fractionated milk fat. It is also possible to produce zero-calorie
fat spreads in which either fat substitutes or enzyme-resistant zero-
calorie lipid-like materials, such as sucrose polyesters, are used (Mattson
et al., 1971). The development of low-fat spreads was first stimulated in the
US by fat shortages during World War II. Oil-in-water spreads were the first
to appear, in the 1950s and 1960s, but they had a number of technical
problems. Water-in-oil spreads were first reported by Bullock (1966) but
they did not gain a significant share of the edible fats market in the US
(Behrens, 1988).

M.K. Keogh + Moorepark Food Research Centre, Teagasc, Fermoy, Co. Cork, Ireland.

Advanced Dairy Chemistry, Volume 2: Lipids, 3rd edition.
Edited by P.F. Fox and P.L.H. McSweeney, Springer, New York, 2006.

333



334 M.K. Keogh

9.1.2. Emulsion Stability

Oil-in-water emulsion products, such as milk, cream and ice cream, are
stabilized by homogenization to reduce the mean fat globule size of the
dispersed phase. Water-in-oil emulsion spreads are stabilized by shearing
to reduce the water droplet size and by simultaneous cooling to entrap the
dispersed water droplets in the continuous phase of plastic fat, mainly in the
form of small B’ crystals. This technology, called scraped-surface cooling, is
used to produce margarines, reduced-fat and low-fat spreads. Butter-making
involves churning (i.e., shearing to break partially the oil-in-water emulsion
of cream to concentrate the fat to 80-82% by removing the aqueous phase as
buttermilk). Thus, buttermilk is essentially skim milk enriched in fat globule
membrane material (McCarthy and Headon, 1979). Further churning
reduces the level of the aqueous phase to 16% water, containing 2% solids
non-fat and up to 2% added salt. The dispersed water droplets are further
sheared in the so-called working stage to reduce their diameter to less than
20 wm (Muller, 1952), to prevent microbial growth and the appearance of
visible moisture. Dairy and blended spreads containing more than 72% fat
can be manufactured using either scraped-surface cooling or churning equip-
ment. Efforts by equipment manufacturers to produce low-fat butter using
continuous churning equipment by incorporating the extra aqueous phase
using an additional shearing unit have been commercially successful
(Norgaard et al., 1990). High-fat products (>95% fat), such as baking fats,
are also processed using scraped-surface or drum cooling but the primary
aim in their manufacture is the production of small B’ fat crystals for
optimum functionality of these fats in baked goods (Joyner, 1953; Hoerr,
1960; Brooker, 1993). The principal ingredients of fat spreads are fat,
emulsifier, milk protein, stabilizer, sodium chloride and water. Each of
these affects the emulsion and processing characteristics of the final product.
Other ingredients, such as preservatives, colors, and flavors, do not affect
product processability. In dairy spreads, the fat source is milk fat to which
can be added hard (Keogh et al., 1988) or soft milk fat fractions (Verhagen
and Warnaar, 1984). In margarine spreads, the fat source is usually either
soybean oil or sunflower oil blended with a hydrogenated vegetable oil,
typically in the ratio 3:1. Blended spreads contain a mixture of milk, vege-
table, and other animal or marine fats.

9.1.3. Consumer Pressures for Change

A number of economic (price, inadequate promotional expenditure,
low retail margins, lack of both brand advertising and innovations in
packaging), medical (COMA Report, 1984; Surgeon General’s Report,
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1988; Department of Health (Ireland) Report, 1991) and social (more
sedentary lifestyle, breakdown in traditional meal patterns, decline in the
level of home cooking, wider choice of foods, decrease in bread consump-
tion, and increased use of refrigerators, which highlighted the poor spread-
ability of butter) factors, have contributed to the decline in butter
consumption. The development of spreads has been the response by food
manufacturers to these market forces.

Consumer pressures for a cold-spreadable and more nutritionally
acceptable spread were met in Sweden in 1970 by the introduction of
Bregott®, an 80:20 butterfat/soya oil blend, and the low-fat spread, Latt
and Lagom® (60:40 butterfat/soya oil), in 1974. It is possible to produce a
product that is not subject to excessive softening or oiling-off at high
ambient temperatures by using approximately 50% milk fat, 25% vegetable
oil and 25% hydrogenated vegetable oil. Such a blended product, called
Clover®, was first marketed in the UK in 1983. This product had a monop-
oly in the UK until 1985 when Meadowcup® and Golden Churn® were
launched by Kerrygold and Kraft, respectively. The Dairygold® blended
spread was launched on the Irish market in February 1985. The first low-fat
margarine in the UK was Outline®, which was marketed by van den Berghs
in the early 1970s. The first low-fat blend was Gold®, which was launched in
1979 by St. Ivel (ERC Statistics International Ltd., 1987). Initially, this
product was a blend of milk fat and soya oil but soon after its introduction
was changed to a full vegetable oil-based product. The first low-fat product
in Ireland was Dawn Light® butter produced by Kerry Group plc. Reduced-
fat butter (Kerry Group plc), reduced-fat blend (Lifestyle, by Glanbia plc),
low-fat margarine (Low, by Kerry Group plc) and low-fat butter from
cream (Connaught Gold®, by North Connaught Farmers Co-op) are also
manufactured in Ireland.

The most important developments of recent years have been in nutra-
ceutical spread products. An olive oil-based product (Golden Olive, by
Kerry Group plc), a vegetable oil product containing 8-13.5% plant stanol
esters (Benecol, by Raisio Benecol Ltd, Raisio; Duchateau et al., 2002;
Louter et al., 2002) or 14% sterol esters (Flora Pro-Active, by Unilever plc,
London) and a spread containing probiotic bacteria (Tesco own-brand by
Kerry Group plc; Stanton, 2003) are being marketed. An experimental 20%
fat spread containing 7.5% inulin as prebiotic has also been suggested
(Rooyakkers et al., 1994), but, to date, claims of prebiotics in any commer-
cial product have not been made.
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9.2. Technical Aspects of Butter Manufacture

9.2.1. Chemical and Physical Principles
The manufacture of butter can be divided into five steps:

Concentration of the fat phase of milk by mechanical separation.
Crystallization of the fat phase of cream by cooling.

Phase inversion of the oil-in-water emulsion of cream by shearing.
Removal of buttermilk by drainage.

Formation of a viscoelastic water-in-fat emulsion by working.

e

Each of these steps is partial and some of the steps may be combined in
some processes. Only the basic principles are outlined here; for further
details, the reader is referred to manuals such Anderson (1986) and Bylund
(19995).

The fat content of cream is typically in the range 30-55% for batch
churning systems but in a narrower range of 38—42% for continuous systems.
The cream is pasteurized at 85-110°C for 10-30 s, which results in the
survival of few microorganisms. Because of the high temperature treatment,
the cream acquires a beneficial cooked flavor and some antioxidant proper-
ties due to the activation of free sulphydryl groups in the whey proteins.
Some gas bubbles and any volatile odors present are also eliminated. Alter-
natively, the cream may be fermented (ripened or soured) after pasteuriza-
tion using a culture of Lactococcus lactis subsp. lactis, Ln. lactis subsp.
cremoris or a citrate-positive strain of Lactococcus lactis to reduce the pH
to 4.5-5.0 by generating lactic acid. Leuconostoc mesenteroides subsp. cre-
moris or Ln. mesenteroides subsp. citrovorum simultaneously produce other
desirable flavor compounds, principally diacetyl (1-3 mg/kg). In the process
developed at the Netherlands Institute for Dairy Research (NIZO) (van den
Berg, 1982), instead of fermenting the cream, flavor compounds and lactic
acid from selected starters and starter permeate, respectively, are injected
into the butter at the working stage.

The cream is cooled to 2-5°C for at least 4 h (ideally 24 h) to allow
crystallization of the fat. At 5°C, the solid fat content of milk fat, determined
by NMR, is in the range 50-60%.

Butter-making by churning (steps 3-5 above) involves shearing at a low
temperature, which partially breaks the oil-in-water emulsion of the cream
and after drainage of the buttermilk, concentrates the fat to 80-82%. After
drainage of most of the buttermilk, the butter is sheared further (worked) to
produce a viscoelastic water-in-fat emulsion. The objective is to reduce the
aqueous phase to a maximum of 16% water, containing 2% solids non-fat with
the optional addition of up to 2% salt and/or acid/flavor concentrates.
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The controlling variables of the churning process are:

1. Fat content, globule size and pH of the cream

2. Cream temperature, time for crystallization and wash water tem-
perature

3. Shear rate (agitation speed, degree of churn fill, dimensions and
shape of churn)

The aim should be to control all the process variables within narrow
ranges, so that the butter-making process is consistent.

A high fat content in the cream aids inversion of the emulsion, facili-
tating churning. The breed of cow and the stage of lactation are the main
factors that affect fat globule size. Fat globules are larger and churning is
easier in cream from Jersey/Guernsey milk and from milk from herds in
early to mid-lactation than in late lactation. As the pH decreases, the fat
globules membranes become weaker, so that fermented cream is more easily
churned than sweet cream.

The churning temperature (typically 4-5°C for batch or 8-9°C for
continuous churning) and the degree of fat crystallization affect most aspects
of the process. A high churning temperature reduces churning time,
increases fat coalescence and the ratio of free to globular fat, which in turn
affects the visible moisture, texture, firmness and color of the final product.
The churning time and the degree of fat coalescence affect the size of the
butter grains, which should be in a certain range for optimal results. Small
grains can be lost in the buttermilk, which typically contains 0.45-0.65% fat.
Smaller grains also have a larger surface area, which adsorbs large amounts
of aqueous phase on the surface. Conversely, large grains hold too much
aqueous phase within the grains. Larger grains have a smaller surface area,
making it difficult to incorporate added salt. The texture of the butter can
vary from soft, crumbly or brittle to sticky or greasy due to the ratio of free
to globular fat. The degree of working affects visible moisture, surface
moisture, color and texture.

The shear rate during churning is governed by the speed of agitation,
degree of churn fill, churn dimensions and shape. When cream containing
crystallized fat is agitated during whipping or churning, fat globules form
clusters, which subsequently surround the incorporated air bubbles. Some of
the fat globules break due to friction and liberate their fat as free fat, which
in turn destabilizes the foam, leaving buttermilk surrounding, or incorpor-
ated into, the butter grains. Higher temperatures result in more free fat,
which causes the foam to break more easily. The higher the proportion of
free fat, the more greasy the butter at high temperature and harder at low
temperature. As churning progresses, more buttermilk is incorporated into
the butter grains, thus reducing the fat lost in the buttermilk. These dispersed
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water droplets are sheared further during working to reduce their maximum
diameter to less than 20 pm (Muller, 1952), to prevent microbial growth and
the appearance of visible moisture.

In continuous butter-making machines (Figure 9.1) that are enclosed,
altering the flow rate of the cream pump and the speed of the agitation shaft
(1000-2500 rpm) affects the churning time. The moisture content of butter
reaches a minimum at a certain intermediate speed. At the end of churning
cylinder 1, butter grains begin to appear. Optimum grain size is obtained in
cylinder 2 by altering the speed of the paddles or augers from 20 to 90 rpm.
After removing part of the buttermilk through outlets in cylinder 2 (or at the
front of the inclined cylinder 4 in some machines), the butter grains and
remaining buttermilk are sheared in the working sections by variable speed
augers 4 and 6. The moisture content of the butter increases with auger
speed. Secondary drainage of buttermilk can be facilitated through small
perforations in the base of the worker cylinders under the augers. The butter
is finally forced through a series of perforated plates in cylinder 7, when salt
slurry/acid/flavor compounds may be injected after the first plate, followed
by final working through the remaining plates. Typically, the moisture
content after the first perforated plate is 14%, so that 2% water and 2%
salt can be added as a 50% salt slurry to give butter of the desired final
composition. In the NIZO process, in which acid and flavor compounds are
added, the maximum moisture content at this stage is 13.5%.

Butter

Figure 9.1. Diagram of a continuous butter-making machine. Churning cylinder 1; separating
section 2; squeeze-drying section 3; second working section 4; injection section 5; vacuum
working section 6; final working stage, 7. [From Bylund, G. (1995). Butter and dairy spreads.
In: Dairy Processing Handbook, 2nd edn, p. 274, Tetra Pak Processing Systems AB, Lund,
Sweden.]
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In continuous churns, the working force, F, used to shear the butter
can be expressed as F < 1 - dv/dx, where n = viscosity of the butter and dv/dx
is the velocity gradient. At constant viscosity, F oc dv/dx (i.e., proportional
to the throughput rate and inversely to the size of holes in the perforated
plates), since viscosity and the velocity gradient are inversely related. In
countries with marked seasonality of milk supply (e.g., Ireland and New
Zealand) the viscosity of cream is higher in winter than in summer since the
fat globules are smaller and more numerous and the solid fat content is higher.
In winter, cream temperature can be increased by 1°C to reduce cream
viscosity, thereby increasing the velocity gradient and the degree of working
of the butter.

After churning and during packing, the temperature of the butter
should not exceed 14°C (Anon, 1978), because slow crystallization and
further structure development during cold storage will lead to a firmer
product. Aluminum foil-laminated materials are used to wrap butter, as
they fully protect the fat from light-induced oxidation and associated off-
flavor development.

9.3. Technical Challenges in the Processing of Fat Spreads

9.3.1. Rates of Microbial Growth

Fat spreads, whether of the high-fat or low-fat type, are usually water-
in-oil plastic solids (Bullock, 1966). Microorganisms that survive the heat
treatment applied prior to scraped-surface cooling are confined by the small
size of the water droplets. In butter, living bacteria were not observed in
droplets less than 20 wm in diameter (Muller, 1952). Poorly-worked spreads
that supported bacterial growth, had moisture droplets ranging from 50 to
100 pm in diameter. Some growth of microorganisms is expected to occur in
droplets between 20 and 30 wm diameter, depending on the size and oxygen
requirements of the organism but droplets should, in general, not exceed
30 wm and ideally be less than 20 wm in diameter (Bullock and Kenney,
1969). The bacteriostatic effect of 1% NaCl in a 40% fat spread containing
about 53% water is much less than 2% NaCl in an 80% fat butter containing
16% water. In contrast, microorganisms are relatively free to grow and
multiply in oil-in-water spreads, which have a different texture and melt-
down and lack freeze-thaw stability (Tobias and Tracy, 1958; Weckel, 1965;
Seas and Spurgeon, 1968).

The poor correlation between bacterial growth rate and droplet size is
due partly to the limitations of the light microscope method used (Dolby,
1965). Other influencing factors are nutrient level, salt and pH of the droplet
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contents. The light microscopy method involves viewing a sample of the
spread under a cover glass, which distorts to some extent the droplet
appearance at the spread surface. More recent methods (Juriaanse and
Heertje, 1988), using electron microscopy after exposure of a fresh internal
surface of the spread by freeze-fracturing, are more accurate. These latter
methods have been coupled with image analysis and counting techniques,
which give a true distribution of droplet size. However, because of the
commercial value of these results, nothing has been published on the appli-
cation of the combined techniques to fat products (Brooker, 1992 personal
communication). Electron microscopy has been used successfully to study the
fat crystal shell surrounding the droplets (Heertje et al., 1987; Chawla et al.,
1990) and to determine the ion content of the droplets using X-ray spectros-
copy after electron bombardment of the spread surface (Brooker, 1990).

9.3.2. Phase Inversion

It has been shown by light microscopy (Keogh et al., 1988) and by
scanning electron microscopy with freeze etching (Brooker, 1990) that if
droplets exceed 30 wm in diameter, some will join together to form channels
or ‘lakes’. Eventually, the water phase may become continuous during
processing (i.e., inversion of the emulsion may occur). At the other extreme,
if the water droplets are too small or are over-stabilized, the phase inversion
required in the mouth under the influence of shear and added aqueous phase
(saliva) will not take place, or will occur too slowly. Such spreads will have
an unpleasant gummy mouth-feel. The cooling sensation due to the effect of
melting fat will also be absent.

9.4. Technology of Spread Manufacture

9.4.1. Processing

A scheme for the continuous processing of fat spreads is outlined in
Figure 9.2. This comprises two steps, namely preparation by stirring of an
aqueous phase-in-oil emulsion, followed by pumping the emulsion at a
certain throughput (TP) using one or two scraped-surface coolers in series
at a defined agitation rate (AR) and at a defined refrigerant temperature (RT)
to form a plastic fat product with dispersed water droplets. Pin-working or
crystallizing units are usually sited after each scraped-surface unit. In these
units, the product is sheared, without cooling, by pins on the central rotating
shaft and by static pins on the inner wall of the cylinder. The process variables,
TP, AR and RT, have been studied on a pilot-scale plant (Keogh ez al., 1988).
To produce a high-moisture spread of the water-in-oil type, the emulsion must
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Water-in-oil
emulsion f f

—~( ARt J—( AR

[ \ Water-in-oil plastic spread

RTA1 RT2
— Storage
Figure 9.2. Line diagram showing variables for the production of fat spreads

TP: Pump throughput

ARI: Agitation rate, scraped surface cooler no.1

AR2: Agitation rate, scraped surface cooler no.2

RTI1: Refrigerant temperature, scraped surface cooler no.1
RT2: Refrigerant temperature, scraped surface cooler no.2

be worked more intensively (850-1050 rpm) at a higher refrigerant tempera-
ture ( —2°C to +4°C) and at a lower throughput (maximum 75 kg/h) than
margarine. Under-working or over-working causes inversion of the emul-
sion. When softer fats than milk fat are used for processing, optimum results
are obtained at a lower throughput. Buchheim and Frede (1994) reviewed
other variations of the butter churning and margarine scraped-surface
cooling technologies. Frede and Buchheim (1994) reported valuable obser-
vations, based mainly on microscopy, on cultured butter, cream tempering
(physical ripening) and cream destabilization (phase inversion). It was dem-
onstrated that butter made by the churning process could be produced with
a spreadability close to that of a soft margarine, using a cream prepared
by blending low-melting and high-melting point milk fat fractions in the
ratio 60:40. Hoffmann (1989) has reviewed the role of the scraped-surface
crystallizing units and resting tubes used for margarines and shortenings. A
chapter on margarine and shortening technology by Bell (1991) concentrated
on historical developments while those by Munro et al. (1992) and Lane
(1992) were devoted to milk fat products.

Technical and product information is also available from the three
main suppliers of scraped-surface equipment in Europe, namely Gerstenberg
and Agger (Denmark), Schroder (Germany) and Johnson (UK) who fabri-
cate Perfector, Kombinator and Votator equipment, respectively. Numerous
patents on fat spreads have also been published, but their review is outside
the scope of this chapter.
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9.5. Fundamental Aspects of Emulsions

9.5.1. Emulsions: Theory, Rheology and Stability to Inversion

An understanding of the mode of action of the component ingredients
of fat spreads during processing requires a fundamental knowledge of the
theory, rheology and stability—especially to inversion—of emulsions.

9.5.1.1. Emulsion Theory

Liquid emulsions are inherently unstable to a varying degree. It is
important to understand, therefore, the mechanisms that contribute to
emulsion stability. Before the solidification step, instability of an emulsion
can arise due to either phase separation or phase inversion (Mulder and
Walstra, 1974). It is evident that the likelihood of phase inversion will
increase as the fraction of dispersed phase increases. The vast majority of
literature references are concerned with the stability to phase separation as
coalescence or creaming in oil-in-water emulsions (Halling, 1981; Jaynes,
1983). In addition, a method for determining the stability of water-in-oil
emulsions to inversion has not been reported. It is usually assumed that
certain aspects of oil-in-water emulsion theory apply in reverse to water-
in-oil emulsions.

9.5.1.2. Electrostatic or Charge Stabilization

This theory is based on the interactions between charged solid colloidal
particles in an aqueous phase. The mechanism was first described in 1941 by
B.V. Derjaguin and L. Landau and in 1948 by E.J.W. Verwey and J.Th.G.
Overbeek and is referred to as the DLVO mechanism after them (see
Bergenstdahl and Claesson, 1990). Charged particles in suspension attract
oppositely charged ions from the immediate environment to their charged
surfaces to form a layer of counter-ions. This, in turn, leads to the formation
of a further secondary layer of opposite charge to the first layer—the so-
called electrical double layer. Thus, two charged particles give rise to a
repulsion potential, which depends on the distance between them and the
height of the potential. If the repulsion potential is greater than the attrac-
tion potential, the particles will be stable. The attraction potential the van
der Waals’ interaction, has as its source, the rapidly fluctuating dipole
moment (~105/s) of a neutral atom, which induces a polarized charge in
neighbouring atoms, resulting in an attraction. The extent of the attraction is
proportional to the polarizability of the atoms, divided by the distance
between them. A feature of the theory is the rapid increase in attraction
potential at small distances. The sum of the repulsive and attractive potentials
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gives the total potential, which determines the stability of the system. For very
short distances, the attraction potential is always the greater and aggregation
results. For intermediate distances, the repulsive potential, if large, resultsin a
stable system. The most useful aspect of the DLVO theory is its ability to
explain the destabilizing effect of added neutral salts, which compress the
double layer and reduce the repulsive potential, resulting in flocculation.
According to the Schulze-Hardy rule, the ratio of critical flocculation con-
centration for monovalent, divalent and trivalent ions is 100:1.6:0.13. Thus,
divalent ions are over 50 times more effective than monovalent ions in
destabilizing colloids (Friberg et al., 1990).

It is important to state that while the DLVO theory is a useful starting
point, it applies to solid, charged particles in an aqueous suspension but does
not apply accurately to emulsions, which are liquid systems. Also, the
mechanism does not apply to water-in-oil emulsions, in which the repulsive
layer is located on the concave side of the interface and, therefore, is too
distant from a neighboring droplet to exert a repulsive force. Moreover,
since the continuous phase of a water-in-oil emulsion is non-ionizing, the
development of an electrical double layer is not to be expected (Sherman,
1955b). In addition, the monoglyceride emulsifiers normally used in the
manufacture of spreads are non-ionic. Conversely, the charge on protein
molecules is quantifiable by the zeta potential and depends on the pH of
the suspending medium, as well as on other ions. However, proteins
such as sodium caseinate bind cations, making the prediction of the
emulsion behavior very difficult in anything more than a qualitative way.
Thus, oil-in-water emulsions stabilized by ag(as; + ag)-casein follow the
DLVO theory and are reversibly flocculated by increasing ionic strength
but similar emulsions stabilized by B-casein behave differently (Dickinson
et al., 1987).

9.5.1.3. Steric Stabilization

Flexible macromolecules, such as proteins, and small molecules, such
as surfactants, are amphipathic and may form a layer at the oil-water
interface. These molecules may also partly stabilize emulsions by forming
a physical barrier to close contact, thereby reducing the attractive van
der Waals’ forces to ineffective levels (Dalgleish, 1989). Repulsion can arise
in either of two ways and physico-chemical calculations are available for
both mechanisms in oil-in-water systems. Either the approaching protein-
coated particles will tend to compress or alternatively interpenetrate the
adsorbed protein layer on adjacent particles. The optimum structure of
the stabilizing protein will be dealt with in the section on protein as an
ingredient.
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9.5.1.4. Solid Particle Stabilization

In a few instances, emulsions can be stabilized by solid particles as
shown by S. U. Pickering in 1907 (see Petrowski, 1976). Examples are mustard
seeds in traditional mayonnaise (Anon., 1968) or crystals of high melting-
point triglycerides in margarine or butter (Precht and Buchheim, 1980;
Heertje et al., 1987). The solid particles are considered to act as a barrier,
which prevents the coalescence of droplets. Bancroft (1913) observed that the
phase that wets the solid more easily will become the continuous phase.

Traditional mayonnaise is an 80% oil-in-water emulsion, which may
rely on mustard seeds for solid particle stabilization. Two constituents of egg
yolk, lecithin and cholesterol, are surfactants, which promote the formation
of oil-in-water and water-in-oil emulsions, respectively. The ratio of lecithin
to cholesterol in egg yolk favors the water-in-oil type but the final emulsion
type formed is due to the action of mustard seed, which favors an oil-
in-water emulsion (Petrowski, 1976).

9.5.1.5. Stabilization by Rheological Methods

Increasing the viscosity of the continuous phase in an oil-in-water
emulsion increases stability to flocculation, coalescence and oiling-off by
reducing the frequency of collision between droplets. However, the kinetic
theory of flocculation suggests (Friberg et al., 1990) that the effect of the
viscosity of the continuous phase is less than expected without the concur-
rent energy barrier provided by electrostatic and/or steric effects. In non-
food water-in-oil systems, the viscosity of the continuous phase can be
adjusted by choice of hydrocarbon oil of varying molecular weight or by
addition of oil-soluble compounds of high viscosity. However, in water-
in-oil emulsions, there are no indications of the effects of the viscosity of
the internal aqueous phase on the stability of emulsions to oiling-off or
inversion (Sherman, 1950). The higher the viscosity of the aqueous phase
in multi-ingredient food systems containing protein and starch, the higher
the stability (Platt, 1988). In this case, stability may be due to effects
associated with the viscosity generated by the ingredients (which will be
referred to again below) rather than to the effect of viscosity per se. On the
contrary, Sherman (1955a) showed that the viscosity of the aqueous phase
had no effect on the viscosity of water-in-oil emulsions and, therefore,
should not affect emulsion stability.

In earlier work (Sherman, 1950), inversion of water-in-oil emulsions
was achieved by increasing the proportion of the dispersed aqueous phase.
Emulsions containing 2—5% non-ionic emulsifier and up to 50% water are
Newtonian. Above this level of water, the rheological parameters increased
significantly and inversion occurred at a water concentration of 75-80%. The
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higher the concentration of emulsifier, the higher the viscosity before inver-
sion. A large decrease in viscosity accompanied inversion to an oil-in-water
emulsion. The viscosity of the inverted oil-in-water emulsion should be of the
same order but slightly less than that of a water-in-oil emulsion because the
continuous phase dominates the viscosity at identical ratios of dispersed
phase. Thus, since water has a viscosity of 1 mPa s, while that of hydrocarbon
oils is of the order of 25 mPa s, the oil-in-water emulsion at the same level of
dispersed phase will have a slightly lower viscosity. Since there are few other
relevant references devoted to water-in-oil emulsion theory (Sherman, 1955c;
1967a; 1967b), one must return to the view (quoted in many reviews on
emulsions) that oil-in-water emulsion theory applies in reverse to water-in-oil
emulsions. References outside the patent literature on fat spreads are not
available on multicomponent water-in-oil emulsions using food ingredients.

9.5.1.6. Rheology of Water-in-oil Emulsions

According to Sherman (1955a,b), the factors that affect the rheological
characteristics of a water-in-mineral oil emulsion are:

o Volume of the dispersed phase. Below a concentration of 50% aque-
ous phase and with 2-5% non-ionic emulsifier, emulsions behave as
Newtonian fluids; above 50% aqueous phase, emulsions become
increasingly non-Newtonian (i.e., become shear rate-dependent and
develop a yield value).

e Viscosity of the dispersed phase. The viscosity of the dispersed phase
that ranged from 11 to 560 mPa s, did not affect the viscosity or yield
value of the emulsion. The disperse phase fraction, ¢, was 0.717.

e Viscosity of the continuous phase. The viscosity of the continuous or
oil phase is related directly to emulsion viscosity and yield value.
In non-food systems, oil viscosity can be varied by choosing hydro-
carbon oils of varying molecular weight or by adding of viscous,
oil-soluble compounds. In addition, as already mentioned, emulsion
stability is increased by reducing the rate of globule flocculation in
a continuous phase of higher viscosity.

e Type and concentration of emulsifier. The viscosity and yield value
of emulsions (¢, = 0.66) depend on the chemical nature of the
emulsifier. Sherman (1955c) proposed two possible reasons for this,
namely interfacial viscosity and interfacial adsorption. Interfacial
viscosity affects the resistance of droplets to deformation, which is
reflected in the resulting emulsion viscosity. A high level of interfacial
adsorption enlarges the size of the interfacial layer significantly and
increases emulsion viscosity. Adsorption of emulsifier at the interface
should also increase with the concentration of emulsifier. The
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increase in the overall dimensions of the resulting droplets increases
the viscosity and yield value.

e pH. In a study in which a fatty acid ester emulsifier was used, water-
in-oil emulsions were stable up to pH 9.0 (Sherman, 1955c). Above
this value, inversion occurred either through interaction between
ester and alkali or through soap formation between alkali and con-
taminating free fatty acids, which causes solubilization of the ester
emulsifier.

e lonic conditions. The influence of certain salts and metallic oxides
used in printing fluids that affect the rheological properties of the
aqueous phase and emulsions were studied by Sherman (1955b). As
the conditions are not relevant to foods, ionic conditions will be dealt
with later under ingredient effects.

9.5.1.7. Stability of Water-in-oil Emulsions to Inversion

The effects of the concentration of the dispersed phase, emulsifier type
and concentration on the inversion of water-in-oil emulsions have been
described above. However, since in this chapter, it is proposed to examine
the effects of a multi-ingredient system on emulsion stability, each of the
following factors must be considered: emulsion formation, stability, instabil-
ity, effects of shear and effects of ingredients (Becher, 1977).

9.5.1.8. Emulsion Formation

The method of emulsion formation must be standardized and repro-
ducible. The equipment used, the shear rate, the time and temperature of
emulsification are the main factors in emulsion formation.

9.5.1.9. Emulsion Stability

Many methods are used to measure the stability of oil-in-water emul-
sions. Basically, coalescence is measured by the change in emulsion droplet
size with time (Halling, 1981). However, since coalescence is slow in protein-
stabilized emulsions (Tornberg and Ediriweera, 1987), an accelerated method
is usually used. The effects on coalescence of accelerated methods such as
heating, freezing and shear stress have been measured by changes in turbidity
(Pearce and Kinsella, 1978; Tornberg and Ediriweera, 1987; Melsen and
Walstra, 1989). Other investigators have used measurements of particle
size determined by Coulter counter (Hassander er al., 1989), centrifugal
photo-sedimentation (Boyd et al., 1972), or an electronic imaging system
(Klemaszewski et al., 1989) or by other indirect methods including microwave
irradiation (Petrowski, 1974) and solvent extraction of free fat (Foley et al.,
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1971; Tornberg and Ediriweera, 1987). Phase inversion temperature (Shinoda
and Saito, 1969) and emulsifying capacity (Swift ez al., 1961) have been used
to evaluate the effects of low molecular weight and protein emulsifiers,
respectively. Unfortunately, it is not possible to measure the size of the large
droplets present in unhomogenized water-in-oil emulsions because the drop-
lets coalesce very quickly. The phase inversion temperature is not a relevant
test, as it may not be related directly to the stability to inversion at the
emulsification temperature. Furthermore, it has been stated (Matsumoto
and Sherman, 1970) that water-in-oil emulsions do not exhibit a true phase
inversion temperature, unlike oil-in-water emulsions.

9.5.1.10. Emulsion Instability

A quantitative method for assessing stability to inversion and the
extent of emulsion inversion was developed by Keogh (1993). The rheo-
logical method used was based on the observation that, provided an aqueous
phase with a viscosity greater than 300 mPa s at 367/s was used to prepare a
25% fat emulsion, a stable water-in-oil emulsion is slightly thixotropic, a
mixed emulsion is slightly rheopectic while an incompletely inverted water-
in-oil emulsion is highly rheopectic. Thus, the change in viscosity over time
(240 s) at a constant shear rate (291/s) at 40°C varied from —49 mPa s for a
stable emulsion to +449 mPa s for an unstable emulsion. The stability of the
emulsions to inversion was also assessed visually after dispersion in cold
water. The change in viscosity of a stable water-in-oil emulsion over time
was negative or low (<100 mPa s), that for a mixed emulsion was intermedi-
ate (100-200 mPa s), and that for an incompletely inverted emulsion was
high (>200 mPa s), as shown in Figure 9.3 (Keogh, 1993).

Measurement of the electrical conductivity of emulsions has been
considered as an alternative method since oil-in-water emulsions exhibit
higher conductivity than water-in-oil emulsions (RShl, 1972). However,
this method which has been used with some success to control the level of
water in butter (Prentice, 1953), has the disadvantage of being dependent on
ion concentration. Therefore, certain added ions increase conductivity but
might not increase stability to inversion.

9.5.1.11. Effects of Shear on Emulsion Stability

There is very little published information on the effect of shear or
stirring conditions on the stability of water-in-oil emulsions to inversion. It
has been established (Keogh ef al., 1988) that water-in-oil emulsions (60g of
a 7% sodium caseinate solution dispersed in 40 g milk fat) are stable to
inversion only within a narrow range of throughput, refrigerant temperature
and agitation rate when processed in a single-unit Votator scraped-surface
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Figure 9.3. Viscosity of an water-in-oil (), mixed () and inverted (A) emulsions as a
function time at constant shear rate.

cooler. Until recently, such information was regarded as commercially valu-
able and therefore was not published. Patents usually give wide ranges of
processing conditions. Frequently, the conditions given, though suitable for
one scraped-surface cooling system, are misleading for another system.
Although guidelines can be given, processing conditions need to be opti-
mized for each product and processing system.

9.6. Effects of Ingredients on Emulsion Stability

9.6.1. Fat

As already outlined, the higher the viscosity of the continuous oil
phase, the higher the viscosity of the emulsion. At high emulsion viscosity,
the stability to coalescence is increased, and may result in increased stability
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to inversion. Fats of animal, vegetable, or marine origin contain about 99%
triglycerides and non-triglyceride materials can, for the most part, be
ignored. The presence of small amounts of surfactants such as lecithins,
monoglycerides, and cholesterol should, however, be kept in mind. The
functional behavior of a fat or blend of fats will depend on:

o The melting point (determined as slip point or drop point) of the fat.

e The content of solid or crystalline triglycerides present at any tem-
perature but especially in the range of 4-37°C.

o The crystal form which is determined by the degree of heterogeneity
of the triglycerides (i.e., of the fatty acids present in the molecule).
The greater the diversity of fatty acids present, the more likely the fat
is to form the less stable, smaller rectangular (1 x 6 wm) B’ crystals
rather than the larger (20-30 wm diameter), more stable B crystals,
which result in a sandy mouth-feel (Mostafa et al., 1985). Sunflower
oil, lard, cocoa butter and coconut or palm kernel oils tend to form
B crystals during storage after cooling. Milk fat is naturally very
heterogeneous. Palm oil, tallow and fish oils are also heterogeneous,
as is lard after interesterification and partial hydrogenation. While
heterogeneity can be increased by interesterification, it is usually
sufficient to increase the diversity of fatty acids by adding another
fat or surfactant to prevent the formation of 8 crystals. It has been
shown that the presence of hexadecanoic (Cj¢.9) (Wiedermann, 1978)
or docosenoic (Cpy.1) acid (Hojeroba et al., 1992) is particularly
effective in this regard. Therefore, crystal size and crystal form are
interrelated (Hoerr, 1960).

The melting point of fats used for spreads should not exceed mouth
temperature (37°C) as an unpleasant waxy effect, termed palate-cling, starts
to develop above this temperature.

The proportion of solid fat at any given temperature largely determines
the behavior of the fat at that temperature. The content of solid fat can be
measured by dilatometry, by wide-line nuclear magnetic resonance (NMR) or
by pulsed NMR. The latter method is now commonly used commercially to
measure the solid fat content (SFC). The behavior of fats and fat blends during
processing and storage of spreads can be related to the SFC versus tempera-
ture curve. The SFC/temperature profile of a fat is related to many character-
istics of the product, including general appearance, packability (in foil wrap or
tub), organoleptic properties (flavor release, “coolness” and thickness),
firmness/spreadability and oil exudation. The firmness or yield value of a
plastic material can be measured directly using a controlled stress rheometer
or indirectly using a cone penetrometer (Haighton, 1959), extruder (Prentice,
1954) or sectilometer (Knoop, 1972). Haighton (1959) developed a formula
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to relate the penetration depth to the yield value, but the latter two indirect
methods measure the force required to extrude and cut the sample, respect-
ively. It is important to note that the yield value is related to, but is not
equivalent to, spreadability. The reason is that when the yield value is being
measured in shear flow, the velocity gradient or rate of shear is perpendicular
to the direction of the stress applied. In elongational flow, the rate of shear is
in the direction of the stress applied. When spreading by hand, the rate of
shear lies somewhere between elongational and perpendicular flow (van Vliet,
1991). The SFC at 4 or 10°C is related to the spreadability ex-refrigerator; an
SFC of not greater than 32% at 10°C should result in a butter that is spread-
able at 4°C (i.e., having a maximum yield value of 1000 g/cm? at 4°C).
Packability can be assessed by the yield value at 15°C. A minimum yield
value in the region of 500 g/cm2 is desirable for foil wrapping. The SFC at
20°C determines the tendency towards oil exudation; a value of at least 10% is
essential to prevent oiling off. This value represents the level of fat crystals
required to adsorb the free oil present in the product at this temperature.

Butter that is “fridge-spreadable,” but with poor stand-up qualities at
21°C, was made from combinations of mainly the low melting liquid butter-
oil fraction and some of the high melting solid fraction. In addition, the use
of a very high melting-point solid fraction, obtained by acetone fraction-
ation, enabled the production of butter, which was also physically stable at
21°C. In addition to their illegal status, the fractions crystallized from
solutions in acetone were also more susceptible to oxidation (Kaylegian
and Lindsay, 1992). A more acceptable means of obtaining very high melting
fractions is therefore required.

In low-fat spreads, margarines and shortenings, a proportion of high
melting-point fats is necessary for the formation of the fat crystal network
(Haighton, 1976). Aggregation of the crystals occurs to form platelets and
eventually shells that surround the water droplets (Precht and Buchheim,
1980; Heertje et al., 1987; 1988; Juriaanse and Heertje, 1988; Chawla et al.,
1990). As already mentioned, the crystals should preferably be in the small
B’ form. The absence of B’ crystals may lead to a lack of plasticity and the
possibility to inversion during the cooling process but has no direct effect on
the emulsion at 40°C. However, during the preparation of emulsions, care
must always be taken to melt completely crystals of fats and emulsifiers. The
presence of large crystals could rupture the droplets during both stirring and
cooling of the emulsion and thereby cause inversion.

9.6.2. Emulsifiers

Emulsifiers reduce the interfacial tension between two mutually-
immiscible liquids because they have an affinity for both phases. Ford and
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Furmidge (1966) indicated three essential properties of an emulsifier for
concentrated water-in-oil emulsions:

e The emulsifier should reduce the interfacial tension to less than
I mN/m.

e It should form a relatively rigid, uncharged interfacial film, through
either electrostatic or hydrogen bonding between the emulsifier mol-
ecules, which will prevent the coalescence of water droplets while
facilitating the coalescence of oil droplets.

« It should adsorb rapidly at the oil/water interface.

Sherman (1973) suggested that a strong interfacial film of emulsifier is
also necessary to prevent the coalescence of water droplets in oil-continuous
emulsions.

The emulsifier should always be more soluble in the continuous than in
the dispersed phase (Bancroft, 1913). Solubility is related to polarity, which
has been rated on a hydrophilic to hydrophobic scale of 20 to 1 by (Griffin,
1949, 1954). Ford and Furmidge (1966) noted that water-in-oil emulsifiers
have a hydrophilic:lipophilic ratio (the so-called HLB) of 3.5 to 6.0 but
interfacial viscoelasticity was not quantified. The emulsifiers used were
fatty acid monoesters of either sorbitol or glycerol. Later, it was shown
empirically that monoglycerides with a HLB value in the region of 3-4 and
a degree of unsaturation corresponding to an iodine number of 40-55 give
good stability in water-in-oil emulsions (de Feijter and Benjamins, 1978).
The properties of a range of monoglyceride emulsifiers of different iodine
number, fatty acid profile, HLB and slip point are summarized in Table 9.1.
Monoglycerides with an iodine number of 40-55 and a melting point in the
region of 55°C were found to be optimal (Grindsted, 1988) because this level
of unsaturation conferred an ideal level of flexibility/rigidity on the molecule
(Garti and Remon, 1984). Variations in fatty acid composition have only a
slight effect on HLB but quite a marked effect on emulsion stability (Quest
International, 1988). In water-in-oil emulsions, there is a positive correlation
between emulsion stability and fatty acid chain length and a negative cor-
relation with the dielectric constant of the emulsifier (Goubran and Garti,
1988). Increasing molecular weight and decreasing dielectric constant indi-
cate greater hydrophobicity, which leads to greater impregnation of the
interface and to a more stable emulsion.

9.6.3. Proteins

Proteins can affect the stability of emulsions by electrostatic, steric or
rheological means, as already described. The mechanisms involved are
highly complex, interactive and, as a result, are very difficult to quantify.
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Table 9.1. Properties of partially hydrogenated monoglyceride emulsifiers

Saturated  Unsaturated

Commercial Iodine  fatty acids fatty acids Slip

name® number (%, wiw) (%, wiw) HLB  Point (°C)  Source
Dimodan S 40-50 50.4 47.7 43 61 Lard
Dimodan OT 55 22.2 76.8 4.3 55 Tallow olein
Dimodan CP 80 28.9 70.3 43 48 Vegetable oils
Dimodan LS 105 - - 4.3 44 Sunflower oil

HLB = hydrophilic-lipophilic balance.
“ Grinsted Products A/S, Brabrand, data sheets.

However, valuable insights into their mode of action have been obtained
(Dalgleish, 1989; Leman and Kinsella, 1989).

In order to adsorb at the interface and be surface-active, proteins must
be flexible and amphipathic (i.e., have some affinity for both phases). The
hydrophobic side-chains will adsorb on the oil side of the interface while the
hydrophilic side-chains will interact with the aqueous phase. Three aspects
of the side-chains of a protein are important:

« Content, location and grouping of the hydrophilic and hydrophobic
amino acid residues.

e Surface polarity or charge that is relatively more important for
emulsions than the overall charge.

« Protein structure and ability to unfold that are determined by the
amino acid sequence.

Proteins are dynamic molecules with respect to structure. The pre-
ferred “folded” structure for a given set of environmental conditions is
that which has the minimum free energy. The driving force to assume a
given folded structure is a thermodynamic force. In aqueous systems, the
hydrophobic side-chains will endeavour to orient away from the surround-
ing water and towards the core of the molecule. However, for high surface
activity, it is essential that the protein molecule should unfold and orient its
hydrophobic side-chains towards the oil phase. A lack of hydrophilic res-
idues usually does not restrict protein functionality at interfaces. Thus,
flexible proteins can create a highly hydrated, mobile layer to stabilize an
emulsion particle.

One way of increasing the flexibility of a protein is to denature it (e.g.,
by heating or treatment with urea). Denaturation will also occur after
adsorption of the protein at the interface (Graham and Phillips, 1979), a
process that may be slow. The properties of an emulsion are, therefore, time-
dependent.
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The third mechanism by which proteins affect the stability of emul-
sions is rheological. This mechanism derives fundamentally from electro-
static and steric effects. The importance of viscosity has been described
earlier. The viscosity of a caseinate solution is, inter alia, an indicator of
the degree of bound water absorbed by the hydrophilic groups, as well as the
water trapped inside the molecular aggregates (Korolczuk, 1982). The vis-
cosity parameters (K, apparent viscosity at zero shear stress; n, the power
law factor and oy, the yield stress) of sodium caseinate have been studied and
found to be affected by concentration (Hermansson, 1975), precipitation and
solution pH of caseinate (Hayes and Muller, 1961; Korolczuk, 1982), de-
naturation (Hayes and Muller, 1961; Canton and Mulvihill, 1982), sodium
chloride (Hermansson, 1975; Creamer, 1985), calcium chloride (Hayes and
Muller, 1961) and temperature (Korolczuk, 1982).

9.6.4. Hydrocolloid Stabilizers

From a rheological and stability standpoint, hydrocolloid stabilizers
may be used to increase the viscosity of the aqueous phase of a low-fat
spread by binding water. Gelatin is of special interest, as it is a protein.
However, the lack of hydrophobicity of gelatin gives it a low rating in terms
of interfacial activity and consequent emulsion stability (Chesworth ez al.,
1985). It has been shown that caseinate displaces gelatin at the oil/water
interface (Dickinson et al., 1985). At high ratios of caseinate:gelatin, gelatin
is desorbed entirely and is found only in the aqueous phase (Musselwhite,
1966). Thus, gelatin has no electrostatic or steric role at the interface in a
water-in-oil emulsion but has a role in increasing viscosity through water
binding.

Other hydrocolloids that increase the viscosity of aqueous systems
are also potentially useful. These include carrageenans and starch.
k-Carrageenan is an anionic polysaccharide, which reacts with positive sites
on k-caseinate (Snoeren et al., 1976). This interaction can occur even when the
pH of the solution is above the isoelectric point of the protein (Bettelheim
et al., 1966) and has been attributed to the uneven distribution of charged
residues on the protein. The interaction seems to be electrostatic because it is
eliminated by chemical modification of the caseinate to remove all positive
sites (Day et al., 1970). The maximum effect of k-carrageenan occurs at lower
ratios. The ratio of k-carrageenan to caseinate should not exceed 1:4 as
some precipitation of the aggregates occurs (Elfak ez al., 1979). Interaction
between other carrageenans (A and i) and as-(as1-, agr-) and B-caseins via
Ca’* bridging also seems to occur, since these proteins bind carrageenans in
the presence of Ca®" (Hansen, 1968), and the casein-carrageenan interaction
is minimal in the absence of Ca>" (Lin and Hansen, 1970).
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Starch is also of interest because it is reported to increase the viscosity
of caseinate solutions in a synergistic manner, especially at caseinate con-
centrations > 10% (Platt, 1988). The increase in viscosity was thought not to
be due to any chemical interaction (Jones and Wilson, 1976) but rather to
the increase in the swelling volume of the starch (Lelievre and Husbands,
1989).

9.6.5. Sodium Chloride

The effect of Na™ on the stability of water-in-oil emulsions is exercised
mainly through its influence on sodium caseinate. It has been shown that as
the surface concentration of casein on oil droplets is increased, the oil-
in-water emulsion becomes less susceptible to flocculation/coalescence in
the presence of electrolyte. Added NaCl broadens the droplet size distribu-
tion at a low casein content (0.25%) but causes this effect at a high casein
content (0.5%) only when CaCl, is added (Dickinson et al., 1984).

9.6.6. Disodium Phosphate and Trisodium Citrate

These salts have little effect on the water-binding capacity and viscosity
of caseinate. Their main effect is to bind any residual calcium in the system
(Vakaleris and Sabharwal, 1972).

9.6.7. pH

The effects of pH on caseinate have been discussed above.

9.6.8. Interactions of Ingredients

The interactive behaviour of proteins, such as sodium caseinate, and
small molecule surfactants, such as monoglycerides, is very important for
emulsion stability. The competitive displacement behavior of some food
proteins, including casein and its fractions, has been described above. Case-
inates and monoglycerides adsorb competitively at the oil-water interface.
The main difference is that monoglycerides, being much smaller (mol wt.,
~380 Da) adsorb more quickly at the interface. Information has been gen-
erated, mainly through studies on interfacial tension and more recently using
confocal laser scanning microscopy.

The ability of starch, specifically amylose, to complex with 1-mono-
glycerides may modify the activity of the monoglyceride in some way. On
a weight basis, the maximum complexing ability was found with the
monoglyceride of tetradecanoic acid while on a molar basis, maximum
complexation occurred with the monoglyceride of octadecanoic acid. For
monoglycerides derived from unhydrogenated soya oil (55% Cis.3) and
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hydrogenated soya oil (85%Cg.) the complexing indices were 28 and 87%,
respectively (Krog, 1971). Takeo and Kuge (1969) showed that the inner
diameter of an amylose helix can vary from 4.5 to 6.0A. The inner surface of
the helix is lipophilic in character, but the diameter determines the size
of monoglyceride molecule, which can enter. It was shown by Krog (1971)
that molecules with a large polar group are poor amylose-complexing
agents while molecules that have a straight hydrocarbon chain and a small
polar group, such as saturated monoglycerides, are very effective complexing
agents.

9.7. Interactions of Ingredients in Low-Fat Spreads

In low-fat stirred emulsions, the composition and rheological properties of
the aqueous phase were shown to affect the stability of the emulsion to
inversion (Keogh, 1993). The principal effects and interactions of the various
ingredients were complex, but of very practical and commercial significance.
The levels of each ingredient chosen for study are indicated in Table 9.2.
When the effect of constant shear rate over time on emulsion viscosity is
measured, the effect due to droplet size should also be considered. It was
shown (Sherman, 1983) that viscosity increases as mean droplet size
decreases but the effect is small for droplets of mean diameter > 3.3 pm.
The effect of droplet size, therefore, is significant in homogenized emulsions
but can be ignored in stirred emulsions in which the mean droplet size is
much larger.

The effect of sodium caseinate, alone (Hermansson, 1975), and with
starch (Platt, 1988) or NaCl (Hayes and Muller, 1961; Hermansson, 1975),
on the viscosity of an aqueous system is well documented in the literature but

Table 9.2. Ingredients and levels studied in water-in-oil emulsions (Keogh, 1993)

Ingredient (%)

Ingredient

Emulsifier® 0.5 0.7

Na caseinate® 12.0 13.0

Starch 1.33 1.67

NaCl 0.67 1.33
Na,HPO, + Naj citrate 0.33 + 0.37 0.66 + 0.74
pH 5.38 - 5.69 6.60 — 6.85

# Percentage in emulsion.
® Percentage in aqueous phase.
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the effect of phosphate + citrate (Vakaleris and Sabharwal, 1972) and pH is
less clear (Hayes and Muller, 1961; Korolczuk, 1982; Creamer, 1985). The
significance of these ingredients for the stability of water-in-oil emulsions to
inversion has not been published.

The addition of NaCl to the aqueous phase is mainly for organoleptic
reasons but its effect on caseinate must not be overlooked. Increasing the
concentration of NaCl increases the ionic strength without the complications
of the strong binding phenomena found with divalent cations. Large changes
in the concentration of the univalent cations and their associated anion have
a number of important effects on the viscosity of the aqueous phase (Table
9.3) and the stability of the emulsion. The observed small decrease in pH and
the increased viscosity of the aqueous system may be related directly.

The probability exists that swelling or partial unfolding of caseinate
aggregates occurs at high NaCl concentrations, thus increasing the volumin-
osity of the protein and hence the viscosity of the system. The associated
decrease in pH at high NaCl concentrations results from the groups exposed
during swelling. The steric effects of these exposed side-chains may also
increase pseudoplasticity, as well as viscosity. Increasing the concentration
of NaCl from 1.33 to 2%, increased pseudoplasticity. Some binding of the
residual calcium by the phosphate and citrate was shown to prevent the
increase in the viscosity of the aqueous phase.

Lowering the pH to 5.4 reduces the negative charge on the protein, which
results in a large increase in viscosity due to partial aggregation. According to
Creamer (1985), further acidification and dissociation of calcium from casein
micelles results in precipitation, dehydration and reduced viscosity below
pH 5.3. Similar behavior was observed (Keogh, 1993) in low-fat emulsions
stablized by sodium caseinate, although colloidal calcium phosphate is not is
responsible for this phenomenon, since it has already been largely solubilized by
acidification and eliminated during the manufacture of casein.

Emulsions are complex systems containing many ingredients, which
interact affecting the stability and rheology of the emulsion system. Many of
these interactions and effects have been studied in detail by Keogh (1993).
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Significance of Milk Fat in Cream
Products

W. Hoffmann and W. Buchheim

10.1. Introduction

Cream is a fluid milk product, comparatively rich in fat, in the form of an
emulsion of fat-in-skimmed milk, obtained by physical separation from milk
(Codex Alimentarius Commission, 2003). This simple definition does not
reflect that the word “cream” has for a long time been considered a premium
product or a value-enhancing ingredient in milk products and other foods.
The special “creaminess’ results from the fine dispersion of the fat globules
in the hydrophilic phase and depends strongly on the fat content. In separ-
ated cream, the diameter of fat globules ranges from ca. 1 to 8 um. During
further processing to the different cream products, this typical oil-in-water
(o/w) emulsion is modified or even converted into another physical state.
Modification can be achieved by homogenization, which markedly reduces
the average fat globule size and improves creaminess. On the other hand,
mechanical treatment of chilled cream causes destabilization (i.e., coales-
cence of the fat globules). This treatment and the concurrent entrapment of
air are essential for whipping cream into a stable foam.

The fat content of cream products varies from about 10-50%. Products
with a low, internationally not-yet standardized, fat content are “‘coffee
cream’” (>10% fat, Germany), “half-and-half cream” (>10.5% fat, USA),
“half cream” (>12% fat, UK) or “light cream” (>12% fat, France). Trad-
itional whipping cream has 30 to 40% fat, whereas double cream contains
about 50% fat. Creams of high fat content are also essential ingredients
in dairy or non-dairy products such as some fresh cheese varieties or
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cream liqueurs. Butter is manufactured from cream (30-80% fat) by phase
inversion. Reviews on cream, cream processing and cream products have
been published by Towler (1994), Early (1998), Kessler (2002) and Hoff-
mann (2003). Two IDF Bulletins (IDF 1992, 1996) deal with pasteurized and
UHT creams.

In summary, the significance of milk fat in the different cream products
is based on fat content, fat distribution, the physical state of the fat, and last
but not least, the chemical, physical, and sensory properties of the non-fat
ingredients. In the following, interactions between these factors are
described for the most important cream products.

10.2. Coffee Cream

In many countries, coffee cream is a popular long-life product, which competes
with evaporated milk, whole milk, and liquid or dried coffee whiteners. In this
section, “‘coffee cream” does not mean a national statutory term, but an
appropriate description of a functional property. Such creams usually contain
10 or 12% fat, less frequently 15, 18, or even 20%. Traditionally, coffee creams
are sterilized in bottles or cans. During the last 20 years, continuous-flow
sterilization in a UHT plant, followed by aseptic packaging, has replaced the
former process to a large extent. The products need good stability both during
storage and in hot coffee beverages, as well as acceptable sensory properties.

A shelf-life of several months at ambient temperature requires particu-
larly low creaming and sedimentation in the package, which is facilitated by
a low fat content (10 or 12%) and optimized processing conditions, mainly
heat treatment and homogenization. Coffee creams with >15% fat need
chilled storage to prevent irreversible creaming.

The different creams may contain stabilizing salts, which can be
added as an aqueous solution after standardization and preheating (high-
temperature pasteurization at 90-95°C). They raise the pH and/or complex
Ca’", resulting in reduced aggregation of casein micelles during sterilization
and in hot coffee beverages. With an increasing degree of condensation
(chain length), phosphates have a reduced buffering capacity, and increased
ion exchange ability. Trisodium citrate has both buffering and sequestering
properties and is used also. Whereas phosphates and citrates are essential
additives in traditionally-sterilized cream, high-quality flow-sterilized creams
(containing 10 or 12% fat) may be produced without additives.

Homogenization of cream results inevitably in the formation of
a secondary fat globule membrane, consisting predominantly of micellar
casein and (denatured) whey proteins (Walstra er al., 1999). To obtain
desirable product properties, the formation of larger, thermally induced
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protein aggregates, and, particularly, fat/protein complexes must be avoided
(Buchheim et al., 1986). The number and dimensions of the particles are
influenced more by temperature than by heating time during flow steriliza-
tion. In general, such adverse structures are reduced by flow sterilization at
<130°C rather than at UHT temperatures (>135°C). Frequently, a (second)
two-stage homogenization step is carried out after heating in order to
disrupt heat-induced fat/protein aggregates. Sensory effects of a lower heat-
ing temperature and a prolonged heating time (>1 min, necessary for safe
sterilization) are a more pronounced cooked flavor and a more brownish
color of the resulting cream. These effects are partially masked after addition
to the coffee beverage and are, therefore, of minor relevance.

Physical properties of flow-sterilized cream can be controlled most
effectively by homogenizing conditions. Usually, one homogenizer is inte-
grated up-stream (i.e., before flow sterilization) and one down-stream. Both
homogenizers often operate at a total pressure of about 20 MPa at 70°C. An
optimal coffee cream should have a narrow fat globule size distribution with
a volume-mean diameter preferably between 0.4 and 0.6 um and a very low
degree of aggregation (Figure 10.1). This results in low viscosity, high
whitening power, slow creaming and high “coffee stability” (i.e., resistance
to feathering in hot coffee beverages).

Figure 10.1. Electron micrograph of flow-sterilized coffee cream; f: homogenized fat globules.



368 W. Hoffmann and W. Buchheim

Figure 10.2. Electron micrograph of floccules in a coffee cream after feathering in a hot coffee
solution (enlarged compared to Figure 10.1.1); f: fat globules; ap: aggregated protein.

The coffee stability is particularly important for the quality of the
product. It is also affected by the coffee brand and concentration, minerals
present in the water, brewing conditions, and by temperature (Kessler,
2002). Typical coffee beverages have a pH of about 5.0, which is near the
isoelectric range of casein. High temperature (>70°C), low water hardness,
low pH or a high concentration of sulphates accelerate protein coagulation,
and hence, fat/protein aggregation. Therefore, it must be ensured that this
feathering remains invisible to the naked eye (Buchheim et al., 1986; Hoft-
mann et al., 1996) (Figure 10.2). The probability of feathering increases with
the fat content of the cream. Apart from feathering, floccules of condensed
cream may float on the coffee surface when using cream from small poly-
styrene (PS) portion packs. Considerable loss of water (about 10-15% of
cream weight during 4 months) occurs with deep-drawn PS containers,
which facilitates the formation of such floccules in coffee.

10.3. Whipping Cream

Whereas the processing of long-life coffee cream is characterized by severe
homogenization and heat treatment, traditionally pasteurized (at ca. 85°C)
whipping cream is produced carefully with little thermal and mechanical
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input (Figure 10.3). However, the demand for a longer shelf-life has led to a
subsequent high-temperature pasteurization (>110°C) or even UHT heating
and additional low-pressure homogenization. The higher thermal load
results in more or less cooked flavor. Although the prolonged shelf-life
requires efficient steps against irreversible creaming (plug formation),
adequate storage stability of the double-pasteurized cream containing
30-35% fat can, however, be achieved without homogenization. The add-
ition of hydrocolloids (particularly fractions of carrageenan), milk constitu-
ents (whey proteins and high-melting fat fractions, see Precht ez al.,1988)
and even synthetic emulsifiers (if legally permitted) can slow down creaming
during 3 weeks at <10°C. The aim of UHT treatment is to produce sterile
cream with a shelf-life up to 3 months at about 20°C. Usually, indirect
heating at >135°C with a short holding time of a few seconds is applied in
order to limit the thermally induced physical, chemical and sensory changes.
Unchilled storage without serious creaming requires the use of stabilizers
(hydrocolloids and/or synthetic emulsifiers), a fat content near the lower
limit of 30%, but also a slight reduction in the size of the original fat
globules. The homogenization effect must be moderate in order to retain
acceptable whipping properties. A compromise between long storage stabil-
ity and adequate functional attributes is needed. Homogenization and sub-
sequent UHT heating would, however, cause an increase in the content of
free fat. Therefore, a down-stream two-stage homogenization of cream at a
total pressure of not more than 4 MPa is used frequently.

The whipping of pasteurized cream containing >30% fat is possible only
after adequate cooling since the transformation of the original o/w emulsion
into a stable foam requires that part of the fat is solid. The initial stage of

Figure 10.3. Electron micrograph of fluid whipping cream; f: fat globules.
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whipping involves stabilization of the trapped air bubbles by a temporary
interfacial film of soluble whey proteins and -casein. On mechanical treat-
ment, fat globules increasingly loose at least segments of their natural mem-
brane, thereby exposing strongly hydrophobic surface areas of pure fat.
Subsequently, these partly destabilized fat globules adsorb at the air/serum
interface of the air bubbles (Figure 10.4). The leakage of liquid fat from
mechanically stressed and deformed fat globules supports globule agglomer-
ation and partial coalescence. These agglomerates also interact with the air
bubbles and may form bridges between them. The above, highly dynamic and
concurrent processes also apply on the whole to low-homogenized UHT
whipping cream containing about 30% fat. Details of the interactions and
processes during whipping are described by Anderson et al. (1987), Anderson
and Brooker (1988), Buchheim (1991), Buchheim and Dejmek (1997) and
Smith ez al. (1999).

The whipping properties of creams are assessed by whipping time,
increase in volume (expressed as overrun), foam firmness and by subsequent
serum leakage. Comparative studies require standardized temperature,
whipping and other handling conditions. Most test whipping devices are
modifications of that described originally in 1937 by Mohr and Baur (see
Hoffmann, 2003). Whipping of a typical cream increases the volume by
80-125% by inclusion of ambient air. UHT-treated creams can also be
aerated by means of suitable propellants (e.g., N,O), resulting in a volume
increase in the range of about 300-500%. These convenience products are
filled into sterilized aluminium or tin-plate cans. Compared with regular
whipped cream, clearly more fat globules adsorb at the air interfaces, and,

Figure 10.4. Electron micrograph of whipped cream; a: air cell; f: fat globules; i: interfacial
layer.
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simultaneously, agglomeration of fat globules is reduced substantially,
which results in an impaired network formation between the air bubbles.
Due to the different foaming process, aerosol creams develop only soft
foams with low stability (Buchheim, 1991).

Whipping cream ranks among premium food products and is consumed
for its pure flavor. High-quality raw milk is essential for this product. Raw
milk and separated cream must be handled carefully to minimize damage to
the natural fat globule membrane. Excessive agitation and pumping should be
avoided. The flow velocity should not exceed the critical shear rate, which can
be calculated (Kessler, 2002). Incorporated air bubbles increase the risk of
damaged fat globules or can act as centres for fat globule aggregation and
subsequent coalescence. During crystallization, fat globules are most sensitive
to mechanical treatment. As a result of the partial or complete loss of the
protective membrane, both indigenous and bacterial lipases catalyse the
hydrolysis of exposed fat to fatty acids, imparting rancid taints (Kosinski,
1996). When raw cream is homogenized without being subjected immediately
to high-temperature pasteurization, indigenous milk lipoprotein lipase pene-
trates the secondary membrane of fat globules (which has higher interfacial
tension than native membrane) and hydrolyzes triglycerides to free fatty acids
within a few minutes, resulting in intense rancidity (Walstra et al., 1999).

Active extracellular bacterial lipases and proteinases of Pseudomonas
spp. and most other Gram-negative psychrotrophs may be present even in
UHT cream if refrigerated raw milk had been stored for a prolonged period.
They can contribute to rancid and tallowy flavors, and also to bitty cream or
serious physical changes such as gelation (Castberg, 1992; Driessen and van
den Berg, 1992; Houlihan, 1992; Kosinski, 1996).

Flavor defects in cream may occur not only during manufacture but
also during transport or storage until the best-before date. UHT whipping
cream, with its long shelf-life at ambient temperature, is particularly suscep-
tible to off-flavors. Hence, adequate packaging materials must be chosen.
Protection against oxygen and/or light is most important as they may induce
oxidation of unsaturated fatty acids, leading to flavor deterioration. Paper
cartons with a coating of polyethylene and an aluminium foil laminated to
the inner carton layer are often used. Appropriate filling conditions should
also be selected to minimize the oxygen content of the package and the
cream. However, a certain level of residual oxygen may be beneficial as the
UHT process exposes free sulphydryl groups and causes the release of
hydrogen sulphide from B-lactoglobulin, thus creating the typical cooked
flavor. During storage, oxidation of these groups occurs and most of the
cooked flavor disappears. A balanced antioxidative/oxidative action of sul-
phur groups and oxygen will probably help to ensure cream products of
good taste and odor (Eyer et al., 1996).
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An important factor for the physical stability of cream is the tempera-
ture of the cream during transport and storage. Even a brief warming to
>30°C supports creaming during subsequent storage at 20°C and may lead
to a distinct thickening after cooling before whipping. Continuous cooling
during the whole shelf-life delays creaming, avoids destabilization phenom-
ena and sensory changes, and results in increased foam volume, but a longer
whipping time (Hoffmann, 1999).

10.4. Cream Liqueurs

Cream liqueurs combine the flavor of alcoholic drinks with the texture of
cream in products with a shelf-life of several years at ambient temperature.
During that period, the liqueur must be resistant to both microbiological
and physical changes. The microbiological safety is guaranteed by a suffi-
cient concentration of alcohol (>14%) together with a high sugar content
(about 19%). Avoiding serious phase separation is the more demanding
challenge. This can be achieved by optimal composition and processing.
The addition of sodium caseinate (ca. 3%), trisodium citrate (ca. 0.2%) and
possibly low molecular-weight emulsifiers like monoglycerides (ca. 0.1%)
stabilizes the o/w emulsion of the added cream (e.g., 16% of 48% fat
cream) in the liqueur. In the final product, more than 98% of the fat globules
should have a diameter <0.8 wm, resulting in clearly enhanced viscosity,
creaminess and whitening power (Banks and Muir, 1988). The typical vol-
ume-mean diameter of about 0.2 um is, by far, the smallest of all dairy

Figure 10.5. Electron micrograph of cream liqueur; f: fat globules.
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products (Buchheim and Dejmek, 1997) (Figure 10.5). This is achieved by
multiple high-pressure homogenization. Banks and Muir (1988) recom-
mended the addition of alcohol after homogenization resulting in the for-
mation of fewer large fat globules. Compared to unhomogenized cream, the
total fat surface area increases by a factor of about 20 (up to ca. 40 m?/g fat)
in cream liqueurs. Therefore, sodium caseinate is dissolved first in hot water
before adding the cream, sugar, citrate and a complementary emulsifier (if
necessary). No other protein than sodium caseinate is able to provide the
required long-term emulsion stability. O’Kennedy et al. (2001) isolated
special fractions of commercial sodium caseinate (soluble in high concentra-
tions of ethanol), which keep a constant viscosity of cream liqueur during
storage. Trisodium citrate, a useful stabilizer for several dairy products, such
as evaporated milk or sterilized coffee cream, complexes the Ca’* and
concurrently increases the pH. In cream liqueur, trisodium citrate prevents
the interaction between sodium caseinate and available calcium. Otherwise,
gelation and syneresis during storage would occur. If a cream liqueur with a
substantially higher alcohol content than 14% is produced (e.g., 19%), a
second addition of alcohol after homogenization of cream (and other ingre-
dients) is required in order to produce a stable emulsion. The manufacture of
cream liqueurs ends with filling into brown glass bottles to prevent light-
induced off-flavor. Very occasionally, during long-term storage, the forma-
tion of a non-redispersible cream or fat plug in the neck of the bottle may
occur (Dickinson et al., 1989). The fatty solid-like cohesive structure of this
plug points to unfavorable ambient temperatures, possibly accompanied by
excessive mechanical agitation. The formation of neck-plug may be similar
in origin to the thickening of whipping cream after warming for a short
period (>30°C) and subsequent cooling.

10.5. Cultured Cream

Cultured or sour(ed) creams find various applications as valuable additives
for dishes and in refining sauces and dressings. They are manufactured in
many countries and their fat content generally ranges from 10 to more than
40%. The production is largely equivalent to that of other fermented milk
products (Puhan, 1988). It starts with standardization of the fat content and
may include the addition of skim milk concentrate or skim milk powder,
milk protein and hydrocolloids (e.g., gelatin or starch), if legally permitted.
These ingredients improve texture and prevent syneresis of the final product.
Adequate processing conditions and a higher fat content reduce the need for
supplementation. The homogenization pressure required for cream decreases
with increasing fat content. Homogenization after high-temperature
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Figure 10.6. Electron micrograph of cultured cream (10% fat); f: fat globules; ap: aggregated
protein.

pasteurization results in better consistency compared to up-stream treatment.
The fat globules participate directly in the following fermentation process and
are integrated into the developed network (Buchheim and Dejmek, 1997)
(Figure 10.6). Normally, the use of mesophilic lactic acid bacteria results in
a long fermentation time (14-24 h). Chemical acidification (e.g., by glucono-
d-lactone, lactic acid) is uncommon. Typical cultured cream products should
be uniform (without creaming), creamy and viscous with a slightly acidic,
mild “cheesy’” or “buttery” flavor. Cultured creams may also develop a nearly
plastic consistency as a result of modified composition and/or appropriate
production and may be used as low-fat spreads (o/w type).
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Significance of Milk Fat in Cheese

T.P. Guinee and P.L.H. McSweeney

11.1. Introduction

Fat is a major component in most cheese types, but its level and importance
differ markedly with variety. Inter- and intra-variety differences in fat con-
tent are affected by a number of factors, including milk composition (par-
ticularly ratio of protein to fat), and the cheesemaking process (recipe,
manufacturing procedure and technology), which control the levels of milk
fat and moisture retained in the cheese curd and the moisture content of the
cheese. The ratio of protein-to-fat in the cheese milk is probably the principal
factor influencing fat content, as it controls the relative proportions of two of
the three major compositional components in cheese, namely protein and fat;
the third major component 