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Abstract
Inthis study, effects oftoasting, expander treatment and pelleting on in situ rumen
degradability and intestinal digestibility of legume seeds are described. Toasting
decreases protein degradability of peas, lupins, faba beans and soybeans and starch
degradability of peas and faba beans, especially when broken instead of whole seeds are
processed. Toasting of a mixture of peas, lupins and faba beans resulted in a higher starch
degradability than expected on the separately treated feedstuffs. Toasting the mixture
decreased protein degradability, whereas pelleting and expander treatment increased protein
degradability. The observed effects for the latter two treatments were related to particle size
reduction during processing. Combinations of toasting, expander treatment and pelleting
resulted sometimes in interactions, but the order of the treatments hardly affected the effects
on protein and starch degradability. Peas and faba beans showed great resemblance in
chemical composition. This was reflected in their sensititivy to the processing conditions.
Likewise, lupins and soybeans showed similar behaviour after toasting.
The rumen degradability of amino acids (AAN) in lupins decreased, and showed a curvi-linear
response to processing time and temperature. Effects of toasting were similar for all amino
acids. Correction for microbial contamination based on diaminopimelic acid resulted in a higher
degradability ofAAN compared to uncorrected N. Moreover, corrections affected the ranking of
treatments with respect to degradability of individual amino acids.
Laboratory measurements showed that protein dispersibility index (PDI) and protein
denaturation enthalpy, as measured by differential scanning calorimetry (DSC) are useful
indicators for protein denaturation, and can be used for evaluation of effects of toasting on
intestinal digestible rumen undegraded protein.
PhD-thesis Animal Nutrition Group, Wageningen Institute of Animal Sciences,
Wageningen Agricultural University, Marijkeweg 40, 6709 PG Wageningen, The
Netherlands.
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Stellingen
1.

Ondanks alle tekortkomingen is de nylon zakjes incubatie methode de beste beschikbare
methode voor het bepalen van de bestendigheid van afzonderlijke voercomponenten.
Dit proefschrift

2.

Hittebehandelingen leiden nietperdefinitietoteenverlaging vandezetmeelbestendigheid.
Dit proefschrift

3.

Dehittebehandeling dietijdens pelleterenvanmengvoedersonderpraktijkomstandigheden
plaatsvindt leidt niet tot een verhoging van de eiwitbestendigheid.
Dit proefschrift

4.

De huidige onnauwkeurige berekeningswijze voor het gehalte aan darmverteerbare
aminozuren invoedermiddelen isvoldoende betrouwbaar voordeevaluatie van praktische
rantsoenen voor melkvee.

5.

Hettesterkbenadrukken vandeaannamesdietengrondslag liggenaanwetenschappelijk
(model-)onderzoek verslechtert dekans opimplementatie vande resultaten inde praktijk.

6.

De mogelijkheid om internetpagina's alsliteratuur referentie tegebruiken vergroot de kans
op fraude in wetenschappelijke artikelen.

7.

Dezorgelijke ontwikkeling dat politieke beslissingen steeds vaker op emotionele in plaats
van op rationele gronden worden genomen wordt in hoge mate veroorzaakt doordat
wetenschappers in het verleden een te afwachtende houding hebben aangenomen.

8.

Promotieonderzoek vertoont grote gelijkenis met het vullen van een rugzak: slechts een
beperkt deel van de bagage blijkt nodig, maar juist het doorgemaakte proces van
verzameling en selectie is van onschatbare waarde.

9.

Derecentewijzigingvanhetpromotiereglement inzakedeinhoudvanstellingen belemmert
promovendi in het geven van een persoonlijk niet-wetenschappelijk accent aan hun
proefschrift.
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FEED PROCESSING AS A MEANS TO IMPROVE FEED
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General introduction
Feed processing as a means to improve feed utilization by ruminants
J.O. Goelema

Introduction
Ruminants derive their special place as farm animals from their capacity to digest and
utilize feeds that are not or less suitable for monogastric animals and men. This is
possible because of a symbiotic relationship between ruminants and the microbial
population inhabiting theirforestomachs. Throughout thisthesis,themicrobial breakdown
in the rumen is referred to as degradation, whereas digestion refers to (enzymatic)
breakdown. Advantages in comparison with digestion in monogastric animals are the
degradation ofstructuralcarbohydrates resulting intheformation ofeasily absorbable and
highly utilizable volatilefattyacids(VFA),thesynthesis ofmicrobial protein,the elimination
of antinutritional factors, and the synthesis of B-vitamins. Disadvantages may be the
degradation of feed protein and non-structural carbohydrates and the loss of potential
energy in methane (CH4) and fermentation heat.
In the feeding of ruminants, particularly that of dairy cattle, the interest in digestive
behaviour of feed in forestomach and intestines is increasing, because of at least two
reasons:
1)

The degradation of feed protein and microbial protein synthesis are rarely
balanced. This imbalance results in unnecessary N losses from the rumen,
because ammonia, resulting from deamination of amino acids and degradation of
non-protein N,accumulates shortly afterthefeed isingested, andmayhave leftthe
rumen before it can be incorporated into microbial protein.

2)

The ratio inwhich the different VFA (acetic, propionic, and butyric acid) and lactic
acid are formed in the rumen is largely depending on the rate at which the
substrate (structural carbohydrates, non-structural carbohydrates, and protein) is
degraded.

The imbalance between microbial degradation andsynthesis aswell asthe ratio inwhich
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VFA areformed are important determinants ofthetypeof nutrients which come available
for the animal, which inturn are important factors determining the level and composition
of ruminant production. It is easy to understand that it would be advantageous to
maximize the degradation ofstructural carbohydrates inthe rumen, but to minimize orat
leastoptimize theextenttowhich proteinsand non-structural carbohydrates aredegraded
inthe rumen. Ruminal degradation ofthe lattertwofeed components should be restricted
to what is necessary for maintaining an efficient microbial activity and growth, provided
that the rumen undegraded fraction is digested in the small intestine. Digestion of feed
protein andnon-structural carbohydrates inthesmall intestine hasalsotheadvantage that
less nitrogen and energy is lost.
Amongfeedingredients, alargevariationexists indegradation characteristics ofcellwalls,
protein andstarch inroughages aswellasconcentrate ingredients. Thefraction ofthecell
walls which is completely undegradable is often quite large and the rate of degradation
is relatively low. Inthe majority ofconcentrate ingredients the size ofthe soluble fraction
of protein or starch is (too) large and the rate of degradation (too) high. These
characteristics can be influenced by processing, inpositive aswell as in negative sense.
Inthe Netherlands, a large part of the feedstuff's which are included in concentrates for
dairy cows are byproducts from food production processes. These byproducts are
imported from all over the world.After removal of products such asfor instance ofjuices
oredible oilsfor human consumption, products such ascitrus pulp and meal and expeller
ofsoybean, coconut, palmkernels andsunflower seeds remain,products thatarevaluable
feedstuffs for ruminants. Their relatively low prices make them attractive for inclusion in
concentrates. The use of legume seeds and rapeseed in cattle feeding, however, is
limited,despitetheirattractive proteincontent.Animportant reasonwhy legume seeds are
not commonly used as protein sources for ruminants, is the very rapid availability of
nitrogen inthe rumen. One the other hand, the VFA production is also low. This results
in an imbalance between the availability of protein and energy for microbial protein
synthesis, and results in unnecessary N-losses from the rumen. Therefore, processing
may improve the protein value ofthese feedstuffs.
Treatments with moisture and heat (steam), chemicals (aldehydes, reducing sugars),
temperature (heating), pressure (pelleting) orcombinations ofthese (extrusion, expander
treatment) havegreat potentialtoreducetherumendegradability. Manyextensive reviews
ontheeffect ofphysical and chemical processing of ruminant feeds have been published
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(Hale, 1973, Ferguson, 1975;0rskov, 1976;Theurer, 1986;Van Belle etal., 1991;Fahey
etal., 1993).
In this introductory chapter, some general aspects are given which seem relevant for
legume seeds and rapeseed (meal). First, some structural characteristics of protein and
starch are discussed, which are thought to be related to the differences between
feedstuffs in degradation behaviour of protein and starch. These differences may also
explain differences inthe susceptibility offeedstuffs to processing, which isdescribed in
another paragraph. Furthermore, the changes after processing with respect to ruminant
nutrition are described, as well as the characteristics which are used to quantify these
changes. Emphasis has been put onthe effects of physical treatments on digestion and
utilization characteristics of protein and starch. For a limited number of processing
methods abriefdescription isgiven,together with some literature results. Finally, the aim
and outline of the thesis are described.
Compositional and structural aspects of protein and starch important for their
digestive behaviour.
Protein
Proteins are macromolecular polypeptides, consisting of covalently bound cr-amino acid
residues. The sequence ofthese peptide-bound amino acids form the primary structure
of the protein. The secondary structure of the polypeptide chain comprises helical coil,
holdtogether bynon-covalent bonds,suchashydrogen bonds.Thisstructure hasseveral
forms, the o-helix, a R-pleated sheet and the triple helix. Side chains in the cr-helix are
projected outward. Even inwater-soluble protein, 40% ofthese chains are hydrophobic.
To minimize the contacts between their hydrophobic groups in aqueous solution, the ahelices position themselves as best as possible to the inside, away from water, leaving
the hydrophilic chains exposed to water. The tertiary structure is the folded and twisted
positioning ofthe secondary structure, which isalso stabilized by hydrogen bonds. When
twopolypeptide -SHgroups containing chains areclosetogether, covalent disulfide bonds
can occur, which cannot be easily broken down. The way two or more polypeptides are
merged together, often involving for instance nonpolypeptides groups, is the quaternary
structure (Holum, 1982).
Depending on itsfunction inthe plant, avarying proportion ofthe protein ispresent inthe
soluble fraction (Robinson and Tamminga, 1984). This protein fraction is assumed to be
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easily and rapidly degraded in the rumen. Part of the protein in growing plants is
associated with the cellwall, an important part ofwhich isextensin, aprotein firmly crosslinked to cellulose. Protein in seeds can be divided between protein from the hull, seed
coat and embryo, respectively. The protein content ofthe hull is usually low. High levels
of cutin, silica or tannins in some hulls will impede proteolysis and as a result rumen
degradation of hulls isvariable. Seed coat protein is usually only a small portion of total
seed protein and its resistance to degradation in the rumen is relatively high. Protein in
the embryo is quantitatively an important fraction of total protein. Because part of the
embryo is in effect a small plant, it might be expected that the characteristics of these
proteins would be similar to that ofgrowing plants. Storage proteins are often contained
in protein bodies and are to be utilized by the embryo in its initial growth phase.
Depending on their structure, susceptibility to proteolysis varies. Probably the primary
characteristic ofthe structure of native protein that decreases susceptibility of proteins to
proteolysis, is the number of disulfide bonds. They are known to be of particular
importance in animal protein.
Starch
Starch is an important storage carbohydrate in many plants, and can make up for more
than 70% incereals. It is present asgranules in leaves, stems, tubers and roots (potato,
tapioca), fruits and seeds (cereals, legumes), and varies in shape and size. In most
plants, asingle starchgranule isformed insidetheamyloplast, where insome plants(e.g.
oats) several small granules (4-10 //m) are formed, which aggregate to a much large
complex (20-150 //m).
Starch contains two macro molecules, amylose and amylopectin, which are organized in
a semi-crystalline structure. The linear amylose molecule is build up of 900-3000 Dglucopyranose resides, linked together by cr-1,4 bonds. Amylopectin is a high-molecular
weight polymer (104-10s D-glucopyranose residues), consisting of a large number of
chains of 16-28 glucose units, linked together by or-1,4 bonds. These chains are
interconnected by-1,6 linked branching points (Kotarski et al., 1992).
Starch granules are surrounded by a layer which consists of proteinaceous material, as
well as some fat. The surface sometimes has indentations, grooves, fissures and pores,
which may serve as starting points for microbial attack.
Awide variation inthe digestive behaviour of starch (granules), depending on the starch
source and processing conditions are reported invitro (Wolters and Cone, 1992), aswell
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as in situ or in vivo (Nocek and Tamminga, 1991; Sauvant et al., 1994). Alternatively,
digestive behaviour may differ between cultivars and within cultivars also due to growing
conditions. In general, cereal starch is more easily digested than root/tuber starches,
although tapioca starch is more susceptible than other tuber starches. Moreover, intact,
native starches are lessdigestible thanstarches which have losttheir crystalline structure
(the so-called gelatinized starches) (Dreher et al., 1984). Most of the starch in seeds is
located in the endosperm, which is surrounded by an aleuron layer which consists of
autolytic enzymes (amylase inhibitors and protease inhibitors), vitamins, minerals, lipids
andprotein.Three types ofendosperm aredistinguished: peripheral, corneous andfloury
endosperm. Peripheral and corneous starch granules are surrounded by protein storage
bodies,andembedded inaninaccessible matrixwhichconsists mainly ofprotein andnonstarch carbohydrates, whereas corneous starch has less cellular structure and a higher
starch content.
The digestion of starch may be obstructed by fibre components, such as cellulose,
hemicellulose and lignin and in turn, starch digestion may affect the utilization of other
nutrients, such as protein, fat, vitamins and minerals. Differences in digestive behaviour
between starch sources can be caused by several factors such as their amylose and
amylopectin content, crystallinity, granular size and shape and the presence of enzyme
inhibitors (Cone and Wolters, 1990). The amylose/amylopectin ratio varies from 1 to 4
(Cone and Wolters, 1990). This ratio may also influence the susceptibility of starches to
enzymatic degradation. Starches containing a high amylose content generally are less
susceptible than the feedstuffs high in amylopectin content. Smaller granules have a
larger surface tovolume ratio, andtherefore are more susceptible toenzymatic digestion
than large granules.

Aspects of digestion and nutrient utilization in ruminants
Proteolysis in the rumen results from the action of proteolytic enzymes from bacteria,
protozoa and fungi. Bacterial proteases inthe rumen are mainly cysteine proteases, but
metallo- and serine proteases are also present. Protozoa also exhibit proteolytic activity,
mainly cysteine and aspartate proteases, whereas rumen fungi have an extracellular
metalloprotease (Wallace, 1991). As a result of proteolytic digestion, polypeptides are
released which arethenbrokendown intodipeptides andamino acids. Some oftheamino
acidsareincorporated intomicrobial protein,another partoftheaminoacid Nisconverted
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toammonia bydeamination. Part ofthe ammonia isreincorporated intomicrobial protein,
but much is lost bydiffusion across the rumen wall (Wallace, 1991). Soluble proteins are
more susceptible to degradation than insoluble proteins, but exceptions to this rule do
exist (Mahadevan et al., 1985). Cross-linking, particularly through disulfide bonds, hasa
major influence on protein degradability.
Proteolytic activity inthe rumen varies, amongst others due to differences inthe level of
feed intake and due to dietary composition. An increased proteolytic activity with an
increased feedintake caneasily beexplained byanincreased biomass inthe rumen.End
products offermentation aremicrobial mass,volatilefatty acids, B-vitamins, C0 2 , CH4and
fermentation heat. The ratio in which VFA are produced depends on the chemical
composition ofthe substrate (Murphy etal., 1982), onthe rateofdegradation, andonthe
rumen fluid pH.A low pH, a rapidly degradable substrate and starch usually enhances
propionate production, whereas ahighpH,slowly degradable substrate orfibre enhances
the production of acetic and butyric acid.
Despite the importance ofstarch inruminant diets inWestern-Europe and North-America,
themechanism ofstarchdegradation byrumenmicro-organisms hasbeenonly marginally
studied. Isolated enzymes from various strains of rumen bacteria proved to be similar to
amylases from mammalian or other bacterial sources. Yet, no accurate prediction of
starch degradation could beobtained by using purified enzymes instead offreeze-dried,
cell free preparations of rumen flujd (Cone, 1991). Part of the amylolytic activity is cell
bound, butthisaspect hasnotbeenstudied intensively. Although notanessential element
in starch utilization by ruminants, protozoa may play a role as stabilizing agent.
Engulfment of starch granules by protozoa limits the amount of starch available for the
usually rapid bacterial fermentation, andsohelpstoprevent lowering of rumen pHwhich,
in severe cases may become detrimental to cell wall degrading bacteria (Chesson and
Forsberg, 1988).According toTamminga et al.(1989), amylolytic activity inthe rumen is
stimulated by a low pH as well as by the presence of starch.
Important degradation characteristics inthe rumen are:
1.

Thesoluble orwashable fraction (SorW)which isassumed tobedegraded rapidly
and completely.

2.

The fraction which will not bedegraded (U) irrespective ofthe time it is incubated
inthe rumen.
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3.

The fraction which is not soluble, but potentially degradable (D).

4.

The fractional rate of degradation (kd) of fraction D.

Fromthese characteristics thefraction of rumen undegraded intake protein (UIP) can be
calculated for a chosen rumen passage rate (kp) (equation 1). Taking into account the
digestibility of UIP, the amount of intestinal digestible protein (DUP) can then be
calculated.
UIP = U + D x k p /(k d + kp)

(1)

For starch, it is assumed that 10% of the W escapes fermentation and that starch is
completely degradable in the rumen (U = 0) (equation 2).
UIS = 0.1 x W + Dx kp / (kd + k„)

(2)

Thedegradation characteristics mentioned above havebeendescribed for carbohydrates
(structural aswell as non-structural carbohydrates) and proteins (Tamminga et al., 1990;
Sauvant et al., 1994) in several feeds. Recently, the digestibility of UIP in the intestines
of some feedstuffs has been reported aswell (Erasmus et al., 1994).
In order to optimize rumen fermentation, the degradative behaviour inthe rumen should
becontrolled, ifnecessary bymanipulation through processing.Acareful and appropriate
selection ofconcentrate ingredients, incombination withforages, willhelptooptimize milk
production and-composition. Inaddition,feedprocessing, either byphysical, chemical or
biological means, can be used to manipulate site of digestion as well as degradation
characteristics in the rumen and is therefore a helpful tool in optimizing ruminant
production.
Feed processing
Before concentrate feedstuffs arefedtotheanimal,they usually have undergone several
treatments which are applied to make thefeedstuffs suitable for storage (drying), easy to
handle (particle size reduction) and less bulky or dusty (pelleting). Moreover, their
nutritional value can bealtered bychanging theshape andsizetoaformwhich facilitates
intake, or prevents selective intake of concentrate ingredients (pelleting), by inactivation
ofcomponents which hamper digestibility orabsorption (heattreatment), orbyshifting the
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digestion of nutrients from the rumen to the small intestine (heat treatment)
Drying/cooling
Usually a lot of feedstuffs are cooled and/or dried, mainly to prevent microbial activity
during storage. Theconditions duringcooling ordryingvarygreatly (Voragen etal., 1995),
from cooling pelleted feed with ambient air, to mildly drying grains after harvesting by
ventilation with heated airatapproximately 35°C,tomore intensive treatments (80-95°C)
ofcorngluten, soybeans, rapeseed and palmkernels before milling, extraction or expeller
treatment. Drying temperatures for citrus pulp may even exceed 100°C.
Particle size reduction
Particle size reduction includes breaking, cracking and grinding. The different ways of
grinding affect the mean particle size, but also particle size distribution. Hammermilled
meals of feedstuffs usually show a skewed particle size distribution, while roller milling
generally results ina normal distribution, with arelatively smaller portion offine particles.
Feedstuffs show adifferent breaking behaviour duringgrinding, resulting indifferences in
mean particle size and particle size distribution. Grinding requires fossil energy, but may
make the feed less bulky, saving inthe cost of transport.
Steam treatment, extrusion, expander treatment, roasting,pelleting
Steamtreatments arecarried outinvarious degrees andfordifferent reasons. Acommon
treatment is the application of steam during conditioning of feed mashes in barrel type
conditioners and in expanders (Thomas et al., 1997). After steam addition, part of the
steam condenses onthe colder feed mash,which results ina higher temperature andan
increased moisture level. Conditioning mayalso involvethe addition ofwater. Itiscarried
outto improve the hygienic quality, binding properties and physical quality after pelleting.
Depending on throughput, rotation speed of the paddle bar and the degree of fill,
residence time inbarreltype conditioner mayvaryfrom 20to255 s.Steam isalso applied
during toasting and extrusion.
Toasting can be carried out at atmospheric pressure (resulting in product temperatures
close to 100°C), or inpressurized barrels such asan autoclave. Inthe latter case, there
is a positive relation between steam pressure and the temperature in the autoclave.
Processing times can be varied, although during autoclaving very short treatment times

10
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are difficult toachieve due tothefact thatthe pressure hastobe built upafter closing the
autoclave. The same difficulty is met for during the completion of the treatment.
Consequently, it isdifficult toevaluate theexact processing temperature and time during
autoclaving. To be able to control processing time and temperature more precisely,
special equipment was developed (Van der Poel et al., 1990), which enables perfect
control of processing temperatures and times. Pressurized toasting is carried out with
horizontal orvertical cylindrical vessels, with paddles orconveyor belts (Melcion andVan
der Poel, 1993).Vander Poeletal. (1990)were abletovaryprocessing temperature from
100 to 140°C, and carry out treatments batch wise as well as continuously.
Extruders consist of barrels with one or two screws, which transport the feed mash
(Melcion and Van der Poel, 1993). The screw configuration can bevaried by addition of
reverse screw elements, pressure rings or air locks, in order to alter the amount of
shearing action during transport. Water can be usedto adjust the moisture content tothe
required level before processing. Although friction may be sufficient to increase
temperature during extrusion, the barrel wall can be additionally heated by steam or
electrically. The combination oftemperature, pressure, moisture and shear, followed by
expansion when the material leaves the barrel, changes the properties of the material,
including its digestive behaviour inthe rumen. Processing time in extruders varies from
30to 150s,while temperatures range from 80to 200°C. Extrusion can beconsidered as
a high shear treatment.
Expanders are similar to single screw extruders, but have an annular discharge valve,
instead of a die. Expander treatment should be considered as an extra conditioning
phase,which enables thefeedmanufacturer toincrease thelengthofconditioning, aswell
asitstemperature. An electrically or hydraulically adjustable cone isused to increase the
pressure during operation up to 3800-4000 kPa (Pipa and Frank, 1989). Steam can be
used for heating the barrel wall, as well as for injection in the feed mash to increase
processing temperature. Mixing iscarried outbymixingbolts,which results inshear action
on the feed mash. Residence time in the expander varies from 5 to 15 s, while
temperatures are ranging from 80 to 140°C. Shear action during expander treatment is
much less than during extrusion.
Roasting is a dry heat treatment, in which heat is transferred by conduction, convection
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and radiation. Heat can originate from gas burners or from electrical heaters. Moisture
levels should be adjusted before the treatment, for instance by soaking. Processing
temperature can be up to 200°C, while residence time is unlimited and may exceed
several hours. Often, heated feedstuffs are removed from the roaster and kept in an
insulated holding barrel to increase the processing time, before being cooled to ambient
temperature.
Recently, Melcion and Van der Poel (1993) estimated production costs for twin-screw
extrusion, single-screw extrusion, expander treatment, infra-red irradiation and pressure
toasting at respectively Dfl. 51, 26, 17, 13and 16per ton.This indicates that extrusion is
relatively costly compared totheother processes. However, itshould bekept inmindthat
irradiation is usually carried out at a much lower production capacity than extrusion,
expander treatment and pressurized toasting.
Pelleting involves the compression ofaconditioned feed mash through adie. Residence
time in the die does usually not exceed 15 s. Conditioning can be carried out by the
addition of water and/or steam, which influences the amount of friction between feed
particles, the barrel wall and in the die. Apart from the processing conditions, feed
components influence thephysical quality ofpelleted animalfeeds (Thomas etal., 1998a).
In the Netherlands, pelleted feeds make up approximately 95% of the concentrates for
dairycows.Thepelleted mashesareusually pre-conditioned attemperatures ranging from
65 and 90°C. Pelleting makes thefeed less bulky, which facilitates transport. Inaddition,
pelleting reduces selective intake and ingredient segregation, it destroys pathogenic
organisms and the feed becomes less dusty and more palatable. As a result it can
facilitate feed intake (Behnke, 1996).
Effects of heat treatment onprotein andstarch
Heat treatment of proteins results in structure stabilization and cross-linkages to
carbohydrates, which protects them from ruminal hydrolysis or at least slows down their
rate of degradation (Satter, 1986; Cleale et al., 1987). Such linkages may increase
nutrient escape from degradation in the rumen, but, unless they are reversible in the
intestine, the overalll digestibility may be reduced. The mechanism of altering the
degradative behaviour of proteins with heat treatment involves principally denaturation.
In structural terms, denaturation is adisorganization ofthe overall molecular shape ofa
protein. Itcan occur asan unfolding or uncoiling ofacoiled or pleated structure, orasthe
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separation ofthe protein into its subunits, which maythen unfold or uncoil (Holum, 1982).
Any temperature change in the environment of the protein which can influence the
non-covalent interactions involved in the structure may lead to an alteration of the
quaternary, tertiary and secondary structure. Moreextreme forms ofprocessing may lead
tothedestruction oftheprimary structure, often called 'degradation' ofthe protein (Finley,
1989). Depending on the processing conditions several processes may occur (Table 1),
although it is obvious that not only temperature during treatment plays a role, but also
factors suchasresidence timeandmoisture level.Very common arereactions oftheearly
Maillard type. Lysine reacts with carbonyl compounds, usually originating from reducing
sugars such as glucose, xylose and fructose. Other reactions also occur, including the
formation of isopeptide cross-links between lysine and asparagine or glutamine.
Additionally methionine, cystine andtryptophane may beinvolved inthe isopeptide crosslinking (Broderick et al., 1991).
Table 1 Effects of heat treatment on denaturation and degradation of protein1

Temperature

Effect of heating

(°C)

< 50

increase hydration, some loss of crystalline
structure

1

70-80

disulfide splitting, loss of tertiary structure

80-90

loss of secondary structure disulfides

90-100

intermolecular disulfides formed

100-150

lysine and serine loss, isopeptide formation

150-200

peptidization and more isopeptide formation

200-250°C

pyrolysis of all amino acid residues

Finley, 1989.

According to Satter (1986), heat treatment increases both the undegradable and
undigestible protein fraction and the maximum intestinal supply of absorbable protein
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depends on the time and temperature of the treatment.
With regard to starch, several processes may play a role upon heat treatment, such as
swelling, gelatinization, and retrogradation. The magnitude of these processes depends
on the particle size, but also largely on the temperature, the treatment time and the
moisture level. Swelling results from the exposure of starch to water, combined with
gradual heating.At lowtemperature (below 60to80°C) swelling isreversible after cooling
and drying. At a certain higher temperature, depending on the moisture level,
gelatinization may take place (Lund, 1984). At this temperature, the granular structure is
altered from semi-crystalline toamorphous, which results inadifferent X-ray pattern and
a loss of its birefringence. Gelatinization of individual starch granules occurs in a range
of 1 to 2°C, but due to variation between granule fractions, it results in a 10 to 15°C
range for the total starch. At low moisture content (< 35% moisture) the gelatinization
temperature (TJ dramatically increases (Colonna et al., 1992) from 50-60°C in excess
moisture to more than 100°C at limited moisture levels.
Retrogradation of starch is the reassociation of starch molecules after gelatinization, in
whichhydrogen bonding betweenamyloseandamylopectin isre-established. Retrograded
starch does not completely regain the native starch character, and may even result inthe
formation of a starch fraction which is less digestible than native starch. On the other
hand, retrograded starch may gelatinize again after subsequent (re-)heating.
Effects ofprocessing on digestive behaviour ofprotein andstarch
Particle size reduction increasesthesurface andthereforefacilitates microbial attack.This
applies tocellwalls, starches aswell asproteins. Particle size reduction therefore results
in a substantially increased rate of solubilization and rate of fermentation. In several
studies, this resulted inan increased rumen degradability ofprotein (Dixon and Hosking,
1988; Michalet-Doreau and Cerneau, 1991;Tice et al., 1993) and starch (Thomas etal.,
1988; Cerneau and Michalet-Doreau, 1991).Grinding often results indifferences inmean
particle size between feedstuffs. After correction for particle size, N degradability was
similar among feedstuffs (Michalet-Doreau and Cerneau, 1991).
Smaller particles are degraded faster, but probably also have a higher passage ratefrom
the rumen. Therefore, for smaller particles totaltract fibre digestibility generally reduces,
butCPandstarchdigestibility increases. Grinding also reducestheroleofrumination. The
advantage of that isthat it does require less energy for chewing, but it also reduces the
amount ofsaliva produced. Therefore, buffering ofthe rumen contents isreduced, which
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reduces pH, and may result in a shift from acetate towards propionate production. The
reason forthe latter isthought toberelatedtothe depressing effect ofthe low pHonfibre
degrading bacteria, and the direct effect of pH on the VFA production of cellulolytic
bacteria. Toasting is generally applied to inactivate proteinaceous antinutritional factors
(ANF) which are abundant in legume seeds. Although important for monogastrics, ANF
do usually not cause problems for ruminants (Dixon and Hosking, 1988) and may even
have beneficial effects, for example tannins can reduce rumen protein degradability.
For inactivation of ANF, toasting is generally carried out for 15-30 min at atmospheric
pressure. Underthese conditions, theactivity ofANFcanbereduced toacceptable levels
(Van der Poel et al., 1990). Toasting under these conditions resulted in an increased
protein digestibility inmonogastrics, whichcould not besolely attributed tothe inactivation
ofANF's. For ruminants, toasting may result in a shift from degradation of protein inthe
rumen to digestion in the small intestine. An experiment, recently carried out in our
laboratory (R.Zom,unpublished) showed,thatpressurized toasting athigher temperatures
(136°C) increases UIP of phaseolus beans much more than toasting at atmospheric
conditions (Table 2). Based on these results, it was hypothesized that lower processing
temperatures require longer processing times for achieving similar changes of UIP.
Table 2 Effect of toasting on rumen protein degradation characteristics of protein in phaseolus beans1

Temperature

time

W

D

(°C)

(min)

(%)

UIP

(%)

kd
(%/h)

(%)

56

44

9.7

17

102

5

37

63

6.3

31

102

10

45

55

6.1

27

136

5

29

70

2.1

52

136

10

24

76

2.1

57

R.Zom, 1991,unpublished. W=washable fraction, k„=fractional rate ofdegradation; UIP =rumen undegraded
intake protein fraction, calculated for a passage rate of6 %/h.
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Results of rumen protein degradation of legume seeds after autoclaving (Aguilera et al.,
1992) were similar tothe results after pressure toasting. Autoclaving for 30min at 120°C
decreased the soluble fraction of protein, as well as its degradation rate (Table 3).
Consequently, UIP increased for all legume seeds, although there were differences in
sensitivity against autoclaving among seeds.
Thomas et al. (1988) showed that autoclaving at 120°C increased the degradation rate
of starch in corn and sorghum, although prolonged autoclaving sometimes resulted ina
lower degradation rate compared to untreated sorghum.
Table 3 Effects of autoclaving on rumen protein degradation characteristics of legume seeds1.

S

D

K

UIP

(%)

(%)

(%/h)

(%)

C

39

61

8.6

25

A

18

82

2.6

57

C

36

63

9.8

25

A

10

90

3.6

56

C

33

66

8.6

28

A

15

84

4.1

50

C

22

78

4.3

46

A

15

85

4.1

51

C

27

72

6.3

36

A

15

85

4.5

48

legume seed

Pea

Lupin

Field bean

Vetch

Bitter vetch

1

Aguilera etal. (1992). C =untreated control;A=autoclavedfor30minat120°C;S=solublefraction; k„=fractional
rate of degradation; UIP =rumen undegraded intake protein fraction, calculated for a passage rate of6 %/h.

Inmostother cases,treatments involveacombination ofsteam andsheartreatment, such
assteam-flaking, expander treatment andextrusion. Combinations ofsteam, pressure and
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high temperature usually result in a decreased ruminal rate of degradation for protein
(Broderick et al., 1991) and inan increased rate of ruminal degradation for starch (Nocek
and Tamminga, 1991). Steamflaking is a combination of toasting for 15-30 min under
atmospheric conditions (100-105°C), followed byflaking the heated seeds. Most reported
studies with steamflaking are carried out with corn and sorghum, and are focussed on
starch rather than protein degradability. Itwas generally concluded, that steam flaking of
cereal grains increases the amount of starch fermented in the rumen, (Hale, 1973,
0rskov, 1976;Theurer, 1986) andincreases itsintestinal digestibility (Owens etal., 1986),
resulting in a decrease of the amount digested inthe small intestine. These effects are
attributed tothedecreased particle size,aswell astomodifications inthe starch granule.
Similar effects on digestion of sorghum starch were found in a study by Prasad et al.
(1975) after steam flaking, pressure cooking,expander treatment and extrusion. Xiong et
al. (1990) found an inverse relation between in vitro starch availability and flake density
after steamflaking, but a positive relation between rumen protein degradability and flake
density.
Several studies have shown, that extrusion of horsebeans, peas, lupins, soybeans and
rapeseed generally increases UIP (Table 4). It should be realized that these are in situ
figures, a method for which no standardization yet exists. Results can therefore only be
compared within experiments. The insitu results were however confirmed invivo (Pena
et al., 1986; Focant et al., 1990; Benchaar et al. 1991, 1994ab). Processing not only
resulted in reduced rate of protein degradation, but also increased the invivo duodenal
flow of non-ammonia N (NAN). Whether such an increased NAN flow results in an
improved animal performance depends onproteinorenergy beingthemost limiting factor.
However, in other studies with processed protein sources no differences in duodenal
protein flow were found (McMeniman and Armstrong, 1979; Annexstad et al., 1987;
Focant et al., 1990; Scott et al., 1991;Ferlay et al., 1992).
Effects of expander treatment on protein degradability of legume seeds and rapeseed
meal have not been studied very much. Sommer et al. (1994) showed, that expander
treatment of rapeseed meal at 120, 130and 150°C decrease protein degradability, while
rumen degradability concomitantly increased. Regarding the similarities between single
screw extrusion and expander treatment, it might be hypothesized that the effects on
protein and starch degradability are similar.
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Starch degradability inlegume seeds isintermediate between slowly degradable cornand
sorghum starch andthe highly degradable starch inmost other cereals (Herrera-Saldana
et al., 1990; Tamminga et al., 1990). Results of extrusion on in situ starch degradability
of legume seeds are hardly published. Walhain et al. (1992) reported a substantial
decrease of in situ UIS after extrusion of peas, while Focant et al. (1990) reported
increases of in vitro availability of starch after extrusion, but not after steamflaking.
Several studies have been carried out to study the effects of roasting on the digestive
behaviour of soybeans (Tice et al., 1993) focussing on protein degradability (Table 5). In
situ protein degradability usually decreases, resulting from adecreased protein solubility,
aswell as a smaller degradation rate (Stern et al., 1985; Faldet et al., 1991). The in situ
results were also confirmed by in vivo studies. In a study by Tice et al. (1993), ruminal
NH3 N decreased, whileduodenal feed Nflows andapparent small intestinal Ndigestibility
increased after roasting. Consequently, daily milk production increased, but milk
composition remained unchanged. Knapp et al. (1991) found similar changes, but
observed an increased in milk production and in milk fat percentage, while milk protein
concentration decreased after inclusion of roasted soybeans. However, total tract N
digestibility decreased after roasting, which resulted in impaired growth performance in
lambs (Plegge et al., 1982; 1985). In another study notreatment differences were found
(Scott et al., 1991).
Roasting was applied toincrease UIPoflupins andcompared with soybean meal inadiet
for growing lambs (Kung et al., 1991) and dairy cows (Robinson and McNiven, 1993).
Kung et al. (1991) observed adecreased insitu protein degradability, butdid not observe
an effect on growth of the lambs. Soybean meal and lupins resulted in a similar growth,
which was related tothe particle size ofthe lupins asfed.Supplementation of methionine
to the roasted lupin diet did not affect growth response. Robinson and McNiven also
found, that in situ UIP was increased from 7 to 33% after roasting at 115°C, while
production of milk and milk components were similar for raw and treated lupins and
soybean meal diets. However, milk protein concentration was lower for the lupin diets.
McNiven et al. (1994) studied effects of roasting on dry matter and protein degradability
of barley, corn, oats and wheat. Roasting decreased the degradability ofboth dry matter
and protein by reducing the soluble fraction. The fractional rate of degradation was
increased in most cases, except for corn. For protein, solubility and the fractional rate of
degradation decreased, resulting in an increased UIP. However, these results were not
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confirmed in vivo (Robinson and McNiven, 1994). In situ incubation revealed that dry
matter degradability of roasted barley was not very different from raw barley, although
protein degradability was substantially reduced.
These results suggest, that, apart from optimization objectives, routine heat processing
conditions will increase UIP, while UIS is usually increased.
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Table 4 The effects of extrusion on in situ rumen protein degradation characteristics of legume seeds 1 .

Feedstuff

horsebeans

horsebeans

lupins

lupins

lupins

lupins

peas

Temperature
(°C)

kd
(%/h)

68

13.0

Undegraded protein
(%)

DUP
(%)

Reference

11

88

1

30

90

1

56

9

78

2

195

15

42

92

untreated

81

22.0

5

63

120

57

10.4

16

91

150

27

10.2

28

95

195

28

8.3

untreated

120

39

untreated

6.6

47

95

untreated

2

50

120

13

90

150

26

95

untreated

75

19.2

7

84

110

79

7.3

10

96

130

56

7.6

20

97

150

50

2.8

35

97

180

46

2.5

38

98

untreated

30

5

56

195

7

52

95

untreated

49

20.0

12

140

13

18.0

46

180

13

15.0

45

18

16.0

29

220
soybeans

S
(%)

untreated

2

132

37

149

50

3

4

5

6

99

S= soluble fraction, ka = fractional rate of degradation; Undegraded protein = rumen undegraded intake protein,
calculated for a passage rate of 6 %/h, a result of multiple incubations, unless indicated otherwise; DUP = intestinal
digestibility of UIP. 1: Cros et al., 1991"; 2: Benchaar et al. (1994"), 16 h rumen incubation; 3: Cros et al. (1991b),
16 h rumen degradation; 4: Cros et al., (1992), 16 rumen incubation; 5: Kibelolaud et al. (1993), DUP based on 16
h rumen incubation residue; 6; Benchaar et al. (1994"), 16 h rumen incubation; 7: Walhain et al. (1992); 8: Stern
et al. (1985), 16 h rumen incubation.
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Table 5 The effects of roasting on

Feedstuff

Soybeans

Temperature/Time
(°C/min)

in situ protein degradation of

S

(%)

Undegraded protein
(%/h)

Soybeans

Soybean meal

Soybeans

1

Reference

(%)

untreated

14

102

32

128

41

144

65

159

74

1

86

185
Soybean meal

1
soybeans in the rumen .

untreated

11.3

115

4.3

130

4.1

145

1.9

2

untreated

42

17.4

28

115/0

12

11.8

48

115/30

12

11.2

55

115/90

15

11.4

59

115/120

15

11.0

58

115/150

14

9.0

61

untreated

19

6.9

29

113/0

13

3.6

41

130/30

10

1.8

54

130/90

11

1.9

58

130/150

9

1.2

63

rolled, untreated

30

rolled, 130/30

39

3

3

4

S=soluble fraction, kd=fractional rate of degradation; Undegraded protein =rumen undegraded intake protein,
calculated for apassage rateof6%/h, aresult ofmultiple incubations, unless indicated otherwise; 1: Plegge etal.
(1982), 12 hrumen incubation; 2: Plegge et al.(1985), 3: Faldet et al.(1991); 4: Scott et al.(1991).

Apart from effects on physical quality and intake, pelleting also appears to influence
degradative behaviour inthe rumen. Published studies ondigestion ofconcentrate feeds
are limited tofeeds for monogastric animals (Behnke, 1996). Inasmall number ofstudies
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effects of pelleting (ground) roughages are described (Blaxter and Graham, 1956;
Beardsley, 1964;Moore, 1964).Recent research inourlaboratory (Houtmans, Kemp,Van
derVelden, HofandTamminga, 1991, unpublished) withconcentrates wouldsuggest,that
the size ofthe washable (and rapidly degraded) fractions ofprotein and starch increases
due to pelleting, hence shifting the site of digestion to the rumen rather than to the
intestines (Tables 6 and 7).
Table 6 Effect of pelleting on the rumen degradability of crude protein (CP) in concentrates1.

pellet2

mash

CP

W

U

UIP

W

U

(%)

ka
(%/h)

(g/kg DM)

(%)

(%)

(%)

A-standard

185

40

4.2

5.1

35

A-select

179

35

3.8

4.5

A-meadow

185

34

2.2

Corn-special

361

16

DVE-high

275

DVE-low

240

concentrate

UIP

(%)

kd
(%/h)

(%)

54

2.5

4.7

31

39

50

0.0

3.3

32

4.7

38

43

2.7

5.3

34

2.2

5.4

45

32

2.0

6.7

35

25

33.1

7.2

52

39

18.5

2.2

50

33

29.3

7.0

47

40

24.7

9.3

39

J. Houtmans, G.Kemp, G.vander Velden, G.Hofand S.Tamminga, 1991;unpublished; W=washable fraction,
U=rumen undegradable fraction, measured after 14daysofincubation; kd =fractional rate ofdegradation; UIP=
rumen undegraded intake protein, calculated for apassage rate of6 %/h.
Double pelleting: first compression inafixed 6 x60 mm die (bore hole xdie thickness, Nordivan Mixcompress),
subsequently ina rotating 5x 85 mm die (bore hole xdie thickness, Walter).

In the case of protein, the enlarged size of the soluble fraction is (at least partly)
compensated by a decrease of the size of the U-fraction, resulting in more substrate
available for microbial attack and therefore more microbial protein. The reason for the
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changes in degradative behaviour due to pelleting is not entirely clear. Possible causes
arechanges inthestructure ofprotein orchanges intheparticle sizedistribution. Pelleting
also changed the digestive behaviour of starch (Table 7). The size of the washable
fraction and/orthe fractional degradation ratekd increased. Asaresult, UISis reduced by
some 15 % units.
Table 7 Effect of pelleting on the rumen degradability of starch in concentrates1.

Pellet2

Mash

Starch

W

kd

UIS

W

(g/kg DM)

(%)

(%/h)

(%)

Corn

358

13

5.0

Corn, barley,

373

51

A-standard

76

A-select

Concentrate

UIS

reference3

(%)

kd
(%/h)

(%)

49

21

5.2

44

1

7.7

27

59

9.3

22

1

31

12.0

26

44

12.4

23

2

55

35

12.6

24

56

10.6

21

2

DVE-high

307

44

12.5

23

61

11.4

20

2

DVE-low

249

42

12.02

24

60

17.8

16

2

tapioca

W =washable fraction, k„=fractional rate ofdegradation; UIS =rumen undegraded intake starch, calculated for
a passage rate of6 %/h.
Double pelleting: first compression in a fix 6 x 60 mm die (bore hole x die thickness, Nordivan Mixcompress),
subsequently ina rotating 5x85 mm die (bore hole xdie thickness, Walter).
1: Tamminga et al. (1989). 2: J. Houtmans, G. Kemp, G. van der Velden, G. Hof and S. Tamminga, 1991;
unpublished.
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Aim and outline of this thesis
This thesis describes the effects of processing of legume seeds on digestive behaviour
ofprotein and starch inthe rumen andintestines ofdairy cows.The information described
in this thesis may give better insight in the mechanisms involved and the changes
occurring upon processing of single feeds and mixtures of concentrate ingredients. This
information enables feed manufacturers and nutritionists toformulate concentrates and
rations which:
1. Optimize rumen fermentation processes
2. Influence the site of digestion, by shifting it from the rumen to the intestines, which
qualitatively alters the supply of nutrients
3. Contribute to the reduction of unnecessary losses from the rumen.
Theavailable literature showsthatseveral physicaltreatments canbeapplied aseffective
means to alter ruminal digestion of protein and starch. In general, treatments such as
(pressurized) toasting, roasting, expander treatment and extrusion will decrease rumen
protein degradability and increase starch degradability. A decreased rumen protein
degradability can be due to crosslinking between and within proteins and irreversible
binding between aldehyde groups of carbohydrates and amino groups, especially theeamino groups of lysine. An increased starch degradability after processing can be
attributed to gelatinization, while particle size reduction may play a role as well.
Grinding and pelleting as routine processes appear to increase both protein and starch
degradability. The reasons for the observed changes after pelleting are not completely
understood yet. It is hypothesized that particle size reduction may play an important role
here too.
Forstudying effects ofprocessing, feedstuffs that contain protein and starch inthe native
state are preferred, rather than feedstuffs like byproducts, that have undergone several
treatments, ofwhich the processing conditions are usually unknown. Raw legume seeds
areavailable inthe untreated form,which makesthemsuitable ingredients tostudy effects
ofprocessing. Another attractive characteristic ofsomeofthese seeds isthatthey contain
both protein and starch in reasonable amounts. Moreover, the relatively high rumen
degradability of the protein, gives good opportunities for studying effects of processing,
which are usually carried out to decrease the rumen degradability. The starch
degradability of legume seeds can be considered as intermediate, which makes them
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suitable for studying effects of (heat) processing.
In the following chapters, the results of three experiments are described. In these
experiments effects of 3 methods of processing are studied:
A. Pressure toasting
B. Conditioning/expander treatment
C. Conditioning/pelleting
Depending on the legume seeds studied, effects on protein and/or starch degradability
anddigestibility werestudied.Treatments aresometimes carriedoutwithsingle feedstuffs,
while others are applied to mixtures offeedstuffs. Although it is generally assumed that
mixing feedstuffs does not lead to interactions with respect to the nutritive value of the
mixture, it unknown whether this also holds for processed mixtures.
The studies were set up, based on the following hypotheses:
1. Pressure toasting decreases proteindegradability andincreases starch degradability.
2. Expander treatment decreases protein degradability and increases starch
degradability.
3. Pelleting increases protein degradability and starch degradability.
4. The effects of processing treatments, measured for single feedstuffs are additive. In
other words, the effects are applicable to mixtures of feed mashes as well.
Inallstudies, rumen degradability and intestinal digestibility are measured with nylon bag
incubations, the so-called insitu methods. These methods give quantitative estimates of
degradability and digestibility. Although the absolute values ofdegradability mayvary,for
instance between feeding situations, the estimates can be used in a relative way. This
makes them useful methods for the screening of processing effects on digestive
behaviour.
On the other hand, the methods require the use of cannulated animals, and are labour
intensive due to long incubations periods. Therefore, most experiments included various
laboratory measurements whichwere assumed tomimic (partof)thedigestive behaviour,
and/ortheeffects ofprocessing ondigestion characteristics, which could beused infuture
research on processing.
Inthe study outlined in Chapter 2, effects of pressure toasting on peas, lupins and faba
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beans and a mixture of these legume seeds are described. Chapter 3 describes the
second experiment, in which the effects of pressure toasting, expander treatment and
pelleting were studied, using the same mixture of legume seeds as in Chapter 2. The
treatments were carried out separately, as well as in combination with each other.
The results of the third experiment are described in the Chapters 4, 5, 6 and 7. In this
experiment, the effects of several conditions during pressure toasting on digestive
behaviour of peas, faba beans, lupins, and soybeans were studied. The effects on the
rumen degradability and intestinal digestibility of protein are described in Chapter 4,
whereas the results ofthe laboratory measurements are shown inChapter 5. For lupins,
the results oftoasting were also studied forthe individual amino acids. These results are
given in Chapter 6. In Chapter 7, the results of the in situ incubations and laboratory
analyses for starch in peas and faba beans are presented.
In the General Discussion, the results reported in the Chapters 2-7 are discussed and
evaluated. Suggestions for further research, as well as practical implications are
presented.
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Chapter 1

Effect of Pressure Toasting on the Rumen Degradability and Intestinal
Digestibility of Whole and Broken Peas, Lupins and Faba Beans and a Mixture of
these Feedstuffs
J.O. Goelema, M.A.M. Spreeuwenberg, G. Hof, A.F.B. van der Poel and S. Tamminga

Abstract
The effects of pressure toasting of whole and broken peas, lupins and faba beans on in situ degradability
of protein and starch and intestinal digestibility of protein were studied. To test for associative effects on
rumen degradability and intestinal digestibility after toasting, a mixture of peas, lupins and faba beans was
examined and results were compared with weighted averages of separately processed feedstuffs.
Pressure toasting for 3 min at 132°C decreased in situ protein degradability of peas, lupins and faba beans
and in situ starch degradability of peas and faba beans, especially when broken vs. whole seeds were
processed. Undegraded intake protein (%UIP) increased after toasting whole or broken seeds from 25%
to 44% and 52% for peas, from 22% to 47% and 5 1 %for lupins and from 20% to 48% and 57% for faba
beans, respectively. Undegraded intake starch (%UIS) increased from 39% to 50% and 53% after toasting
whole and broken peas and from 33% to 53% and 60% for toasted whole and broken faba beans,
respectively. Total tract protein digestibility, measured after 12 h rumen and subsequent intestinal
incubation, remained unchanged for peas and faba beans, but decreased from 99% to 98% for toasted
whole lupins and to 97% for toasted broken lupins. For toasted whole and broken faba beans, pressure
toasting increased %UIS from 33% to 53% and 60%, respectively. After pressure toasting, washable
fractions (W) of all legume seeds decreased for both constituents, the fractional rate of degradation (kd) of
protein decreased, while the kdof starch increased. Itwas concluded that protein degradability decreased
after pressure toasting, without seriously affecting its total tract protein digestibility.
Toasting a mixture of peas, faba beans and lupins resulted in higher starch degradabilities than expected,
based on the separately treated feedstuffs. The kd's of the mixtures were higher than expected: 5.49 vs.
4.29%/h for whole seeds and 5.01 vs. 4.18%/h for broken seeds, respectively. Consequently, %UIS was
lower than expected (47% vs. 5 1 %for whole seeds and 50% vs. 57% for broken seeds).
Key words

Peas, Lupins, Faba beans, Pressure toasting, Rumen degradability, Intestinal digestibility,
Protein, Starch
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Introduction
Because of their high protein content, peas (Pisumsativum), lupins (Lupinus spp.) and
faba beans (Vicia faba) may be of use in ruminant diets to balance other dietary
ingredients low inprotein (Dixon and Hosking, 1992). Recently, there has been renewed
interest inthese seeds because they can begrown inthe European community (Aguilera
et al., 1992).This makes them possible substitutes for imported protein sources such as
soybean meal, although the protein content of these seeds is generally lower than in
soybean meal.
The protein fraction in these leguminous seeds consists of 85 to 100% albumins and
globulins (Van Straalen and Tamminga, 1990), which are highly soluble and easily
degradable (up to 75%) inthe rumen. Starch isthe major storage carbohydrate in peas
andfaba beans,whilefor lupins itisR- (1,4)galactan (Hill, 1977). Literature onthe rumen
degradability of starch from legume seeds is rare. Recent data shows that starch from
peas (Walhain et al., 1992) and faba beans is highly soluble and easily degradable
(Tamminga et al., 1990; Nocek and Tamminga, 1991).
Although legume seeds provide rumen degradable protein and starch, supplies of rumen
undegraded protein and starch are of special importance for high producing dairy cows
(Chalupa, 1974;Satter 1986;NocekandTamminga, 1991;Klopfenstein, 1996).Therefore,
several treatments have been proposed to increase rumen escape protein through
denaturation and Maillard reactions (Satter, 1986). Extrusion has been used to decrease
protein degradability of horse beans (Cros et al., 1991), lupins (Cros et al., 1992;
Kibelolaud et al., 1993) and peas (Benchaar et al., 1994) while protein degradability of
lupins was reduced after roasting (Murphy and McNiven, 1994; Singh et al., 1995).
Aguilera et al.(1992) showed that autoclaving was aneffective method to reduce rumen
protein degradability of peas, lupins, faba beans, vetch and bitter vetch. Differences
among legumes were observed in response to the treatment.
Most treatments, where heat is involved, will increase starch degradability. This can be
dueto gelatinization andto changes inthe physical structure ofthe feedstuff, caused by
the physical processes that are associated with the heat treatments. For example,
Walhain et al. (1992) reported adecreased rumen protein degradability from 88to66%,
after extruding peas at 140°C while starch degradability, calculated from their data,
increased from 87% to 96%.
Structural changes of protein and starch after heat treatment affects rumen degradation
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depending on the temperature reached, the processing time, and the moisture content
during processing (Lund, 1984;Stern etal., 1985;Cleale IVetal., 1987). Inaddition, seed
particle size and the presence of hulls will influence the transfer of heat and moisture
during processing (Goelema et al., 1997). Excessive heat treatment generally reduces
intestinal digestibility ofdietary amino acids through theformation ofindigestible Maillard
products (Van Soest, 1994). Optimal conditions of treatments are generally defined as
those which decrease rumen degradability without negatively altering postruminal
digestion (Stern et al., 1985; Satter, 1986).
Additivity of nutritive characteristics is often assumed in calculating the nutritional value
ofdiets orconcentrates from the values ofthe individual ingredients. This may becorrect
after mixing individual (treated) feedstuffs only, but treatments which are applied to the
mixture of feedstuffs, like for instance extrusion, expander treatment or pelleting, may
involve interactions between ingredients (Vik-Mo and Lindberg, 1985; Murphy and
Kennelly, 1987;Chapoutot etal., 1990;DeBoever etal., 1995;Van Straalen etal., 1997).
The digestive properties after processing a complete feed may therefore differ from the
weighted average of its constituents.
This experiment was conducted with the following objectives:
1) to measure the effect of pressure toasting on the rumen protein and starch
degradability and the intestinal protein digestibility of peas, lupins, and faba beans.
2)todetermine iftheeffects ofpressure toasting ondegradability anddigestibility ofthese
legume seeds are different for broken versus whole seeds.
3)tocomparetherumendegradation andintestinal digestion characteristics ofthetoasted
mixture ofpeas, lupins andfababeans withtheweighted average oftheindividual seeds.
Materials and methods
Samples andtreatments
Lupins (Lupinus angustifolius), peas (Pisumsativum) and faba beans (Vicia faba) were
obtained from a commercial supplier (ACM, Meppel, The Netherlands). Each batch of
seeds was randomly divided intotwo equal parts; one ofwhich was coarsely broken with
a roller mill (Roskamp TP 900-36). The roller mill had 3 roller pairs and a capacity of 20
ton h"1. The gap width between the rollers was adjusted for each feedstuff to achieve
maximum dehulling and minimal particle size reduction. Thegapwidths ofthe roller pairs
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1, 2and 3were 4.15, 3.20, and 3.90 mmfor peas,4.20,4.20 and 3.90 mmfor lupins and
4.25, 4.50 and 5.20 mm for faba beans, respectively.
Two mixtures (1:1:1, weight basis)were made,consisting ofeither whole orbroken seeds
(Table 1).
The whole and broken seeds as well asthe mixtures were processed for 3 min at 132°
C in a laboratory scale pressurised toaster, as described byVan der Poel et al. (1990).
Toasting treatments were repeated ontwo consecutive days.After toasting, the samples
were oven-dried at 35°C for 15 h. Untreated samples of the single feedstuffs were used
as controls.
Table 1 Chemical composition of untreated peas, lupins, faba beans and their mixture.

Peas

Lupins

Faba beans

Mixture1
measured

Dry matter (g/kg)

calculated

939.5

950.3

948.0

948.6

945.9

Organic matter

966.3

970.9

958.9

962.4

965.4

Crude protein

261.4

349.5

306.2

308.9

305.7

8.7

56.0

11.6

24.6

25.4

89.0

_2

413.1

-

-

In dry matter (g/kg DM)

Crude fat

63.8

152.9

Starch

404.3

-

Crude fibre
NDF

118.5

248.7

151.9

ADF

78.0

196.6

111.6

ADL

2.2

8.5

3.2

1
2

The mixture consisted of peas, lupins and faba beans ona 1:1:1 weight basis.
-: Not determined

Rumenincubations
Rumen incubations were carried out according to Dutch standard methods (CVB, 1996)
in which four rumen-cannulated, lactating Holstein cross Friesian cows were used to
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measure ruminal crude protein and starch degradation. The cows received about 17 kg
of dry matter (DM) daily of a ration consisting of grass silage (48% of DM intake) and a
commercial concentrate (90 g intestinal absorbable protein and 6.5 MJ NEL per kg).
Nylon with a pore size of 40 /jm (PA 40/30, Nybolt, Switzerland) was used to prepare
bags with an inner size of 10x 19cm. Feed samples were ground through a3 mm sieve
(Retsch ZM1 centrifugal mill). The bags were filled with about 5 g DM of the ground
sample and incubated in the rumen for 0 (blank), 2, 4, 8, 12, 24 and 48 h. Treatments
were randomly divided over cows.
After incubation, bags were immediately placed in cold water and rinsed with tap water
to stop fermentation. Then the bags were washed inadomestic washing machine for 50
min with 70 Iof cold water, without centrifugating. After washing, the bags were dried in
anforced airoven at60°C for24 h,airequilibrated andweighed. Residues from the bags
were pooled within time andtreatment and ground through a0.5 mm sieve (Retsch ZM1
centrifugal mill).
Intestinalincubations
Two non-lactating Holstein cross Friesian cows, fitted with a cannula in the proximal
duodenum,were usedtomeasure intestinal proteindigestibility. Thecows received adaily
ration of approximately 11 kg DM, consisting of maize silage (74% of DM intake) and
grass silage.
Nylon with a pore size of 40 fjm (PA 40/30, Nybolt, Switzerland) was used to prepare
bags with an inner size of 3x7 cm.The bags were filled with approximately 0.5 g DMof
the 12hrumen incubation residue. Prior toincubation, the rumen incubation residue was
prepared and handled asdescribed above, butwithfreeze-drying instead ofoven-drying.
Prior to incubation in the proximal duodenum the bags were incubated in a solution
containing 1g (2000 FIP U/g) pepsin in 1 Iof 0.1 M HCL at 37°C for 1 h. Three bags
were inserted into the proximal duodenum trough the cannula ofeach cow every 20min.
After insertion of 12bags, a20minbreak wastaken afterwhich the procedure continued.
Bags were retrieved from the faeces every 2 hand stored at-20°C until allthe bags had
been recovered. After thawing, the bags were rinsed, washed and freeze dried as
described above. Residues were pooled within treatment and ground through a 0.5 mm
sieve (Retsch ZM1 centrifugal mill).
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Chemicalanalysis
Feeds were analysed for DM,inorganic matter (ASH), crude protein (CP,6.25 xN),crude
fat (CFAT), crude fibre (CF), neutral detergent fibre (NDF), acid detergent fibre (ADF),
acid detergent lignin (ADL) and starch. Acid detergent insoluble nitrogen (ADIN) in the
feed samples was determined byanalysing theNcontent ofADF residues. Pooled rumen
incubation residues were analysed for DM, ASH, CP and starch. Intestinal incubation
samples were analysed for DM,ASH and CP.
DMwas determined bydrying toaconstant weight at 103°Cfollowing ISO method 6496,
ASH bycombustion at 550°C according to ISO method 5984. Nwas determined with the
Kjeldahl method with CuS04 as the catalyst, following ISO method 5983. CF was
analysed according to NEN method 5417 (1988). Crude fat was analyzed according to
ISO/DIS method 6492 (1996). ADF and ADL were analysed according to Van Soest
(1973). NDF was analysed according to the WR/protocol NSP analyses (Anonymous,
1992). This method is similar to the method ofVan Soest et al. (1991), but includes an
incubation step with 1 ml heat stable amylase (Sigma 6814, 1350 U/ml) and 0.25 ml
protease (Alcalase, 2.4 L, NOVO, 2.4 AU/g) in60 ml of a phosphate buffer (pH 7). This
incubation is carried out for 15 min at 40 °C, after boiling and removal of the ND.
Starch was analysed according to the NIKO method (Brunt, 1992). Total starch was
analysed byextracting solublesugarswitha40%ethanol solution,followed byautoclaving
for 3 h at 130°C and enzymatic breakdown (1 h at 60°C, pH 5) to glucose, using an
enzyme cocktail containing amyloglucosidase, o-amylase and pullulanase (A). Glucose
wassubsequently determined using hexokinase andG6P-dehydrogenase. Thedegree of
gelatinization (SGD) of starch was determined with two additional analysis where starch
was analysed as above, but without the ethanol extraction (B) to quantify the amount of
starch and lower sugars. Finally, the sample was hydrolyzed with amyloglucosidase (60
U/g sample) for 75 min at 50°C (pH 4.8) to determine gelatinized starch and soluble
sugars (C).
The SGD was calculated asa percentage oftotal starch after correcting for lower sugars
according to equation 1.
SGD

=1 0 0 x { C - ( B - A ) } / A

Protein dispersibility index (PDI) was determined according to a modified AACC 46-24

(1)
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procedure, as described by Thomas etal. (1997). N-solubility index (NSI) was determined
according to a modified AOCS procedure (1986), as described by Thomas et al. (1997).
Calculation of degradability and digestibility
Both CP and starch were classified into three fractions: a readily available fraction (W),
measured as the fraction disappearing after washing (0 h incubation); an undegradable
fraction (U), measured as the asymptote of the degradation curve at infinite incubation
time; and a potentially degradable fraction (D = 1 - W - U). The fractional rate of
degradation of the D fraction (kd, in %/h) was calculated using a first order degradation
model, without a lag time, as described by Robinson et al. (1986). Undegraded intake
crude protein (%UIP) and undegraded intake starch (%UIS) were calculated for the Dutch
standard outflow rate (kp) of 6%/h, equations 2 and 3, according to Tamminga et al.
(1994). For starch, it was assumed that 10% of W escapes rumen fermentation and U is
0 (Tamminga et al., 1994).
%UIP
%UIS

= U + D * ( kp/ ( kp + kd )
= 0 . 1 *W + D * ( k p / ( k P

(2)
+

kd)

(3)

The CP residue remaining after intestinal incubations (IUP) was used to calculate protein
digestibility as a fraction of intake crude protein (%TDP) and as a fraction of the
undegraded intake protein (%DUP).
Statistical analysis
Analysis of variance was conducted using the General Linear Models (GLM) procedure
of SAS (SAS, 1989) with the following model:
YiJk

=

n+ D; + F,+ T k + (F x T) jk + eijk,

(4)

where, Yijk is the dependent variable under examination (residues, W, kd, %UIP, %UIS,
%TDP, %DUP), /J isthe overall mean, D, isthe treatment day effect (i= 1,2), Fjis the feed
effect (j= 1-4), Tk is th treatment effect (k= 1-3), (F x T)jk is the interaction of feed and
treatment, and ejjk is the residual error term.
The incubation residues and degradability characteristics of the treated mixtures were
compared with the calculated weighted average of the single treated feedstuffs to test for
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additivity. When calculated means were outside the 95% confidence limits of the
measured values, it was concluded that there was interaction. Treatment effects were
compared by contrast statements, using the GLM procedure of SAS (SAS, 1989).
Results
Chemicalcomposition
Thechemical composition oftheuntreated seeds,aswellasthemeasured andcalculated
OM, CP and CFAT contents ofthe mixture are inTable 1.Thevalues agree with tabular
values (CVB, 1994) and those reported inother studies (Dixon and Hosking, 1992). The
agreement between the measured and calculated values indicated that mixing was
correct. A significant decrease of CP content was found for peas and lupins comparing
BTand T(Table 2).Total starchcontent inpeas andfaba beans decreased after toasting
(Table 3).
Protein degradability anddigestibility
Untreated peas, lupins and faba beans were highly degradable in the rumen. UIP was
25% for peas, 22% for lupins and 20% for faba beans (Table 2).
Pressure toasting significantly increased %UIP by decreasing W and kd(Table 2). Total
protein digestibility (%TDP) was high and only slightly reduced after pressure toasting,
although this reduction was significant for lupins. Compared to toasted whole seeds, a
decreased W was observed and this caused higher values of UIP for toasted broken
lupins andfaba beans,whileforbroken peasthiswascaused byadecreased kd. Toasting
broken seeds increased UIP without altering %TDP or %DUP.
Relative to peas and faba beans, lupins had the highest ADIN contents (Table 4).
Toasting increased ADIN for lupins and faba beans (P^0.05) to 1.4% of total N for
toasted broken lupins and 0.64% for broken toasted faba beans. ADIN correlated
positively with UIP (r=0.47, P=0.0264), but negatively with%TDP and %DUP (r=-0.74,P=
0.0001 and r=-0.47, P=0.0281, respectively).
PDI and NSI values (Table 4) were higher than W (Table 2), but all three parameters
responded similarly tothetoasting treatment. PDI and NSIcorrelated positively with Wof
protein (correlation coefficients (r) were 0.92 and 0.91, respectively; P=0.0001) and
negatively with %UIP (r= -0.79 and -0.77; P=0.0001, respectively).
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Table 2 Effects of breaking and/or pressure toasting on the rumen degradation characteristics and
intestinal digestion of crude protein1.
Treatment1

C

T

BT

sem

P-values of contrasts2
TREATMENT BREAKING

Peas
CP3 (g/kg DM)
W (%)
D (%)
kd (%/h)
%UIP
UIP (g/kg DM)
%DUP
%TDP

268.0
55.9
44.1
4.52
25.2
74.9
96.1
98.9

268.8
23.2
76.9
4.39
44.4
132.6
97.6
98.8

256.7
19.4
80.6
3.27
52.3
149.2
97.1
98.3

3.15
7.37
7.37
0.30
5.19
14.71
0.37
0.17

NS
0.0001
0.0001
0.1096
0.0001
0.0001
0.0525
NS

0.0274
NS
NS
0.0318
0.0128
0.0798
NS
NS

Lupins
CP (g/kg DM)
W (%)
D (%)
kd (%/h)
%UIP
UIP (g/kg DM)
%DUP
%TDP

349.6
44.3
55.7
9.34
21.9
84.9
94.0
98.5

354.4
27.6
72.4
3.20
47.2
185.7
96.2
98.0

332.5
22.5
77.5
3.10
51.2
188.9
95.5
97.4

4.25
4.34
4.34
1.33
5.91
21.96
0.43
0.21

NS
0.0001
0.0001
0.0001
0.0001
0.0001
0.0070
0.0158

0.0009
0.0894
0.0894
NS
NS
NS
NS
NS

314.0
67.1
33.0

315.9
25.7
74.3

321.1

2.40

18.6
81.4

NS
0.0001
0.0001

0.0259
0.0259

3.90
20.0
69.6
96.0

3.26
48.2
169.1
97.9
98.9

2.63
56.6
201.7

9.59
9.59
0.24
7.06

Faba beans
CP (g/kg DM)
W (%)
D (%)
kd (%/h)
%UIP
UIP (g/kg DM)
%DUP
%TDP

99.1

98.2
98.9

25.31
0.45
0.08

0.0340
0.0001

NS

0.0001
0.0032

NS
0.0091
0.0033
NS

NS

NS

Treatments C: untreated; T:toasted; BT: broken seeds and subsequently toasted.
Contrasts TREATMENT: T and BT vs.C and BREAKING: BT vs.T; NS:P>0.10).
CP: crude protein in g/kg DM, W: washable fraction, D: potentially degradable fraction, kd:fractional rate of
degradation of D, %UIP: undegraded intake protein, as percentage of CP, UIP: undegraded intake protein (g/kg
DM), %DUP: intestinal digestibility of UIP, %TDP: total protein digestibility as percentage ofCP.
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Starchdegradability
Undegraded intake starch (%UIS) of untreated peas and faba beans was 39 and 33%
(Table 3),versus %UIP of25 and 20%,respectively (Table 2).This indicated that starch
was less degradable inthe rumen than protein.
Pressure toasting decreased W, and increased the kd of starch. As a result, %UIS
increased by 29% for whole peas and 58% for whole faba beans (Table 3). Toasting
broken faba beans increased %UIS compared towhole beans due to afurther reduction
ofW.
The decreased in situ starch degradability observed after pressure toasting was not
consistent with the increased SGD after toasting (Table 4). SGD of untreated peas and
faba beans was 11 and 5%, respectively, but exceeded 70% and 50% after toasting
broken peas and faba beans, respectively.
Table 3 Effects of breaking and/or pressure toasting on the rumen degradation characteristics of starch1.
Treatment1

C

T

BT

sem

P-values of contrasts2
TREATMENT

BREAKING

6.64

0.0111

0.0422

Peas
Starch (g/kg DM)
3

472.9

458.7

438.1

W (%)

45.9

15.7

4.8

7.83

0.0001

0.0060

k«, (%/h)

3.47

4.44

4.87

0.29

0.0091

NS

%UIS

38.9

50.1

53.2

2.94

0.0011

NS

UIS (g/kg DM)

183.9

229.8

233.4

11.49

0.0009

NS

Starch (g/kg DM)

404.3

397.2

366.8

8.34

0.0168

0.0078

W (%)

58.9

12.8

4.9

10.69

0.0001

0.0254

kd (%/h)

2.96

4.15

3.55

0.24

0.0313

NS

%UIS

33.4

52.8

60.3

5.12

0.0001

0.0308

UIS (g/kg DM)

135.1

209.9

220.8

17.06

0.0001

NS

Faba beans

1

Treatments C: untreated; T:toasted; BT: broken seeds and subsequently toasted.
Contrasts TREATMENT: T and BTvs.Cand BREAKING: BTvs.T; NS:P>0.10).
3
W: washable fraction, kd:fractional rate of degradation ofthe potentially degradable fraction,
%UIS: undegraded intake starch as percentage of starch, UIS: undegraded intake starch in
g/kg DM.
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Table 4 Effects of breaking and/or pressure toasting on degree ofstarch gelatinization (SGD, as%of total
starch), protein dispersibility index (PDI, as % of total protein), nitrogen solubility index in water
(NSI H20 , as % of total N)' and acid detergent insoluble nitrogen (ADIN, as % of total N).

Treatment1

Peas
SGD
PDI
NSIH20
ADIN
Lupins
PDI
NSIH20
ADIN
Faba beans
SGD
PDI
NSI H20
ADIN

C

T

BT

sem

P-values of contrasts2
TREATMENT BREAKING

11.3
91.3

28.6

71.5

0.0001

19.5

11.68
14.67

0.0001

83.1
0.36

24.3
20.7
0.39

18.8
0.53

13.36
0.04

0.0001
0.0001
NS

0.0245
NS
0.0929

31.8
24.4
0.99

13.0
12.6
1.25

12.9

3.97

0.0001

NS

13.1
1.42

2.46
0.08

0.0001
0.0003

NS
0.0466

4.7
91.7

18.1
33.5
28.0
0.59

53.5
18.0
17.0
0.64

9.38
14.21

0.0002

0.0002
0.0001

85.7
0.45

13.50
0.04

0.0001
0.0001
0.0255

0.0001
NS

1
2

Treatments C: untreated; T:toasted; BT:broken seeds and subsequently toasted.
Contrasts TREATMENT: Tand BT vs.Cand BREAKING: BTvs.T; NS:P>0.10).

Additivity
No differences were found between the measured and calculated CP in situ incubation
residues, expressed as a percentage ofthe non-washable CP fraction, except for the 8
h residue of the toasted mixture. Hence, no differences were found between measured
and calculated kd of CP and %UIP. The calculated starch residues, expressed as a
percentage of the non-washable starch fraction, were mostly higher than measured
values, indicating ahigher actualstarchdegradation. Thedifferences increased withtime,
especially after 8and 24 hincubation. Duetothe large variation, the difference was only
significant forthe2hincubation oftoasted broken seeds.Asaresultant, measured kd and
%UIS were different from thecalculated values. The kd'swere higher and, consequently,
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%UIS was lower than calculated.
Table 5 Calculated and measured values of the in situ degradation characteristics and laboratory
parameters after breaking and/or pressure toasting.
Treatment1

Mixture
CP3 (g/kg DM)
calculated
W (%)
calculated
D (%)
calculated
kd (%/h)
calculated
%UIP
calculated
UIP (g/kg DM)
calculated
%DUP
calculated
%TDP
calculated

C

T

BT

313.1
(310.54) (313.1)
24.7
(25.7)
(55.2)
75.4
(74.3)
(44.8)
3.99
(3.54)
(5.80)
47.4
(22.8)
(46.8)
164.7
(78.6)
(162.6)
96.8
(97.2)
(95.4)
98.3
(98.5)
(98.8)

312.9
(303.4)
20.1
(20.3)
79.9
(79.7)
3.13
(2.95)
52.5
(53.5)
182.4
(180.1)
96.3
(97.0)
97.8
(98.2)

Starch (g/kg DM)
calculated
W (%)
calculated
kd (%/h)
calculated
%UIS
calculated
UIS (g/kg DM)
calculated

.

280.5
(285.3)
11.8
(14.3)
5.49
(4.29)
47.2
(51.4)
132.5
(146.6)

277.0
(268.3)
9.8
(4.9)
5.01
(4.18)
50.2
(56.5)
139.0
(151.7)

SGD
calculated
PDI
calculated
NSIH20
calculated
ADIN
calculated

_

19.8
(23.7)
24.6
(23.1)
21.5
(20.1)
0.79
(0.78)

55.6
(63.3)
18.4
(16.6)
18.1
(16.1)
0.82
(0.89)

-

(292.4)

-

(51.9)

-

(3.59)

-

(35.3)

-

(103.3)
(8.2)

-

(68.6)

-

(61.4)

-

(0.63)

sem

P-values2
INTERACTION

BREAKING

1.41

NS

NS

1.58

NS

NS

1.58

NS

NS

0.30

NS

0.0852

2.59

NS

0.0765

8.92

NS

0.0647

0.31

NS

NS

0.25

NS

NS

1.86

NS

NS

1.22

NS

NS

0.21

<0.05

NS

1.37

£0.05

NS

3.05

<0.05

NS

10.62

NS

0.0002

1.86

NS

0.0070

1.04

NS

0.0669

0.03

NS

NS

Treatments C: untreated; T:toasted; BT: broken seeds and subsequently toasted.
INTERACTION: measured values vs.calculated values; Contrast: BREAKING: BTvs.T;
P>0.10).
' For abbreviations see Tables 2,3 and4.
!

NS:
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Discussion
Chemicalcomposition
Toasting decreased thestarchcontents ofpeasandfababeans,which couldbeattributed
to an increase ofthe fraction of soluble sugars. This, however, accounted for only about
30% ofthe decrease. Formation ofatypical glycosidic bonds (Siljestrdmet al., 1989) was
proposed by Tovar and Melito (1996) asthe reason forthe decreased starch contents of
black beans and lima beans after autoclaving for 15 min at 120°C, and might have
occurred also after toasting. Finally, the effect of steam treatment on the protein matrix
embedding the starch (Holm et al., 1985) may have rendered the starch inaccessible for
hydrolyzing enzymes during analysis.
Protein degradability anddigestibility
Several treatments have been used to decrease protein degradability of legume seeds.
Decreased protein degradability after heat treatment has been attributed to formation of
Maillard products from reducing sugars andamino acidsandtocross-linking between and
within proteins (Hurrel et al., 1976).
Literature on effects of pressurised steam treatments without additional shear forces on
protein degradability of peas, lupins and faba beans islimited to results ofAguilera etal.
(1992)forautoclaving. Although thetreatment issimilar topressure toasting, temperature
and processing time were 120°C and 30 min inthe study ofAguilera et al.(1992) versus
132°C and 1.5 min in our study.
Protein degradabilities of raw peas and lupins, reported by Aguilera et al. (1992) were
consistent with our results, but %UIP of faba beans was higher than in our study. Their
reported sensitivity toautoclaving varied between seeds,which was also observed inour
study. For peas, lupins and faba beans, Aguilera et al. (1992) found increases of %UIP
of 128%, 124% and 79%,while in our study the increases were 83%, 116% and141%,
respectively. Pressure toasting for 3 min at 132°C increased %UIP of faba beans more
than autoclaving for 30 min at 120°C but due to the higher degradability of untreated
beans in our study, %UIP of toasted beans (48%) was similar for the autoclaved beans
(50%). The discrepancy between our results and those ofAguilera et al. (1992) could be
duetothedifferent processing conditions (temperature, but inparticular processing time),
differences in sample preparation (screen size) and in the procedure of in situ
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measurements (soluble fraction, diet, animals), apart from differences between batches
and species of legume seeds.
Compared to toasting whole seeds, the toasting of broken seeds resulted in a higher
%UIP, but this was only significant for peas andfaba beans. During processing, transfer
of heat and moisture to the seed kernel isdelayed bythe presence ofthe covering hull.
Breaking seeds removes the hull, breaks the seeds into halves and thus facilitates the
diffusion of heat to the kernel. This increases the effective processing time (the time in
which the temperature ofthe whole seed equals the processing temperature) which was
confirmed by the decreased PDI. Since the rate of the Maillard reaction decreases with
lower moisture contents (Leaand Hannan, 1949;Cleale IVetal., 1987),diffusion ofwater
may have played anadditional role. SinceADIN isan indicator of Maillard polymerization
(Van Soest, 1994), the increased ADIN after the toasting of broken seeds compared to
whole seeds is consistent with a more intensive heat treatment of broken seeds.
ADIN values of untreated lupins inthe present study were lower than reported by Kung
et al. (1991) and Murphy and McNiven (1994), butare similar tovalues of 1.6%, reported
by Singh et al. (1995). Grinding fineness affects ADIN (Murphy and McNiven, 1994;
Hussein et al., 1995) and may explain the discrepancy between our results and those
reported by Kung et al. (1991), but not those of Murphy and McNiven (1994) and Singh
et al. (1995). In the latter two papers, however, the reported ADF values were
approximately 50% lower than found in our study and by Kung et al.(1991), which may
have influenced ADIN. Based on the low ADIN values after toasting, it can also be
concluded that denaturation rather than Maillard polymerization islargely responsible for
decreased protein degradability after toasting.
Starchdegradability
To our knowledge, there are no studies reported of pressurised steam treatments on in
situ starch degradability. In reported studies, application of heat is combined with shear
forces, such as inexpander treatment (Arieli et al., 1995), extrusion (Focant et al.,1990;
Walhain et al., 1992;Arieli et al., 1995) or steam-flaking (Theurer, 1986). Therefore, the
effects of heat and shear are confounded and effects on starch degradability cannot be
solely attributed to either.
In our experiment W of starch decreased and kdslightly increased, which resulted in a
decreased insitustarch degradability after pressure toasting.Theapplication ofmoisture,
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heat and shear during processing may induce several processes in starchy feedstuffs,
suchasswelling andgelatinization (Theurer, 1986;NocekandTamminga, 1991).Swelling
is not a likely cause for the decreased W, since heat-moisture treatments like pressure
toasting decrease swelling powerandsolubility ofstarch(Hooveretal, 1993;Eliasson and
Gudmundsson, 1996).
Sieveanalysis ofthe material usedforthe rumen incubations, ontheother hand,revealed
that the ground toasted seeds contained asmaller fraction ofparticles <71//m compared
to the untoasted seeds (Goelema et al., unpublished results). This may explain the
decrease of W.
An increase inparticle sizedecreased thekd (Michalet-Doreau andOuld-Bah, 1992).This
contrasts with our findings, but may result from a shift of small particles from the W of
untreated samples to the D fraction after treatment. On the other hand, gelatinization
changes thestarch structure from asemi-crystalline toanamorphous stateand may have
contributed to a higher degradation rate as well. This is in agreement with the positive
correlation between SGD and the kdof starch (r= 0.61,P=0.06).
Theeffects oftoasting on starch degradability were very much affected bythe change of
W. Although it did not alter the conclusions inthis study, itwas assumed that 10% of W
escapes fermentation. Thisfactor was introduced tocorrect insitu result toin vivovalues
(Nock and Tamminga, 1991) and is similar to the fraction of soluble sugars in cereal
grains (Sutton, 1971) and dried grasses (Weston and Hogan, 1968) escaping microbial
fermentation. It seems resonable to assume that W falls apart in two fractions, a really
solublefraction andafraction ofparticles smallenoughtobewashed out. Hungate (1968)
assumed a degradation rate for soluble sugars of2.0/h. For an outflow rate of 0.15, this
would mean that 7% of the soluble sugars escape fermentation. Starch, on the other
hand, may additionally leave the rumen incorporated in microbial cells (Nocek and
Tamminga, 1991). Given a kdof 2.0/h and a kpof 0.15/h for the soluble fraction, and
assuming that W consists for 60% of particle loss (Chamberlain and Choung, 1995), the
required kdforcomplete degradation ofthe remaining 90%ofthewashable starch fraction
can be calculated. Entrapment inthe rumen mat may prevent small particles from being
flushed out of the rumen with the fluid resulting in a particle outflow rate of 0.06/h. This
would require akdof 0.40/h, only slightly higher than that ofthe most easily degradable
starches (Tamminga et al., 1990).
Breaking seeds increases the effective processing time but, for starch, improved water
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diffusion may even be more important (Lund, 1984), since gelatinization temperature
increases dramatically as moisture content decreases below 35% (Colonna et al., 1992;
Keetels etal., 1995).Thethick andmechanically resistant natureofthe cotyledon cellwall
of pulses constitutes a physical barrier, preventing complete swelling ofstarch granules
during processing (Tovar et al., 1992), which confirms the marked increase of SGD after
breaking the seeds.
TheWof CP and %UIP correlated positively withWofstarch and %UIS (r=0.99 and 0.94
respectively, P=0.0001).
Other autors also stressed the effects of the protein matrix on the starch degradability
after processing (Trei, 1970; Holm et al., 1985;Theurer, 1986). Only steam treatments at
higher temperatures, or in combination with mechanical treatments like for instance
flaking, enhance starch degradability (Trei et al., 1970).
Heat treated,gelatinized, starches may recrystallize upon cooling (Siljestrometal., 1989;
VanSoest, 1994).This increased theamount ofresistant starch(starch,indigestible inthe
small intestine) after autoclaving (Tovar and Melito, 1996). In the present study, all
feedstuffs were oven-dried (at 35°C, for 16 h) after toasting, which may also have lead
to the formation of resistant starch. Preliminary results from another study showed, that
starch digestibility was not decreased after toasting (Goelema et al., unpublished).
When sufficient amylolytic capacity is provided in the duodenum, an increase of rumen
undegraded intake starch after toasting improves the nutritive value (Van Soest, 1994) of
thefeedstuffs. However, ifthe increased %UIS is(partly) duetotheformation of resistant
starch, it may be broken down by less efficient fermentation in the lower tract. In that
case, the benefit ofthe toasting treatment is only related to the increased protein value.
Additivity
CP degradability of the treated mixtures can be calculated from the values of the
individual constituents. Literature (e.g. Murphy and Kennelly, 1987; De Boever et al.,
1995) onassociative effects forinsitustudies isunambiguous inshowing that mixing has
no influence onthe degradability of protein sources or concentrate mixtures. Our results
are consistent with these data. Conversely, Vik-Mo and Lindberg (1985) and Chapoutot
et al. (1990) observed a higher DM degradability for short time in situ incubation of
compound feeds consisting of feedstuffs with different carbohydrate and protein
degradability. The differences were more pronounced for less degradable feeds, which
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may be indicative of an improved microclimate for fermentation in the bags after
combining feedstuffs of variable degradability.
Our data may be consistent with these data in demonstrating that differences between
expected and actually measured values ofstarch kd and %UIS were significant andcould
not beascribed toasingle residue. Itcould be hypothesized that starch degradation was
hampered due to a shortage of N in peas and faba beans, as in these seeds the
nitrogen/starch ratiowere lowerthaninthemixtures. However, based oncalculated ratios
offermented nitrogen and nitrogen free organic matter this possibility was ruled out as it
appeared that there was no nitrogen deficiency in the bags.
Conclusions
Pressure toasting for3minat 132°C decreased rumen protein degradability ofpeas, faba
beans and lupins and rumenstarch degradability ofpeasandfaba beans.Thiseffect was
enhanced when broken seeds were processed, instead of whole seeds. The washable
fraction ofall legume seeds decreased for both constituents, thekd of protein decreased,
while the kd of starch increased. It was concluded that protein degradability was
decreased afterpressuretoastingwiththisprocedure,without seriously affecting totaltract
protein digestibility. Changes in starch crystallinity and a less degradable protein matrix
that encapsulates the starch granules could be responsible for the reduction in rumen
starch degradability.
Toasting amixture ofpeas, lupins andfababeans resulted inhigher starch degradabilities
than expected, based onthe separately treated feedstuffs. This could not be related toa
N-deficiency inthe nylon bags or to a changed SGD after toasting.
Further research will concentrate on the relation between thermal processing time and
temperature and the effects on rumen degradability and on the intestinal digestibility of
rumen undegraded intake starch.
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Effects of Pressure Toasting, Expander treatment and Pelleting on In Vitro and In
situ Parameters of Protein and Starch in a Mixture of Broken Peas, Lupins and
Faba Beans
J.O. Goelema1,A. Smits, L.M. Vaessen and A. Wemmers

Abstract
The effects of several technological treatments on the rumen degradability and intestinal digestibility of a
mixture of broken peas, lupins and faba beans were studied. The treatments included pressure toasting
(132°C, 3min), expander treatment (115°C, 8s)and pelleting (80°C, 10s).Toasting was the most effective
treatment in altering rumen protein degradability, as it decreased rumen protein degradability, mainly by
reducing itsfractional degradation rate ( k j . Expander treatment and pelleting both increased the washable
protein fraction (W), whereas pelleting also increased kd resulting in a decreased amount of rumen
undegraded intake protein (UIP). Toasting slightly decreased both total protein digestibility (TDP) and
intestinal digestibility of rumen undegraded intake protein (DUP). Expander treatment had no significant
effect on TDP or DUP, whereas pelleting generally increased TDP and DUP. The observed in situ effects
of both expander treatment and pelleting could be explained by particle size reduction during processing.
Toasting hardly affected rumen undegraded intake starch (UIS), which contrasts with previous studies in
which ground samples were used for in situ incubations, compared to incubations with broken samples in
thecurrent study. Total starch digestibility (TDS) and intestinal digestibility ofstarch (DUS) were not affected
bytoasting orexpander treatment. However, pelleting significantly increased TDS and, insome cases, also
DUS. Combinations of toasting, expander treatment and pelleting sometimes resulted in interactions, but
the order of application of the treatments hardly affected their effects on protein and starch degradability.
Results of this study, as well as other published studies, show that the effects on starch and protein
degradability are very much dependent on the conditions applied during processing. A concept was
proposed, describing the effects of heat, moisture level, shear and pressure during steam treatment on in
situ starch degradability.
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Introduction
In ruminant nutrition, the rate and site of digestion are important factors determining the
nutritive value of feedstuffs. Rate of rumen degradation influences the VFA/microbial
biomass ratio and the VFA pattern, whereas site of digestion has an influence on the
supply of amino acids and glucose. During feed manufacturing, different processes can
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alter the physico-chemical properties of feedstuffs, thereby affecting their digestive
behaviour. Thus, different ways of feed processing may result in variation in animal
performance.
Heattreatments affect rumen protein degradability bydenaturation and Maillard reactions
(Satter, 1986) depending on the temperature reached, the processing time and the
moisture content during processing (Stern et al., 1985; Cleale IV et al., 1987). The
application ofheat,moisture, pressure andshearalsoaffects degradability ofstarch(Hale,
1973; McAllister et al., 1990; Nocek and Tamminga, 1991), but the underlying physicochemical changes are still poorly understood (Kotarski et al., 1992). Starch gelatinization
usually increases rumen starch degradability, especially in combination with mechanical
damage, for instance after steam flaking, expander treatment or extrusion (Focant etal.,
1990; Cros et al., 1991;1992;Walhain et al., 1992).
Pressure toasting is atreatment inwhich pressurized steam is used to heatfeedstuffs. It
reduces rumen protein degradability of legume seeds (Goelema et al., 1998). This may
be of interest for feedstuffs with a relatively small fraction of rumen undegraded intake
protein (UIP), for instance lupins, peas and faba beans.
Expander treatment is a relatively new technique in the manufacturing of feed, and
involves treatment with heat,pressure andshear.Thetreatment may improvethenutritive
value for ruminants (Nielsen, 1994; Prestlokken, 1994), although effects on degradability
of protein and starch are not always consistent (Arieli et al., 1995; Goelema et al.,1996).
Although pelleted concentrates arefedto dairy cattle insome parts ofthe world,data on
effects ofpelleting islimited totheeffects ofpelleting forages (Blaxter andGraham, 1956;
Beardsley, 1964;Moore, 1964)andtheeffects onphysical quality ofanimalfeed (Thomas
etal., 1998). Inthefeed industry, itisoften assumed thatpelleting ofconcentrate mixtures
decreases protein degradability due to the heat increment during conditioning and
pelleting. However, Goelema et al.(1996) showed that pelleting increases in situ protein
and starch degradability of two dairy concentrates, which may be due to the effects of
pressure and shear. In the Netherlands, starch degradability of pelleted feedstuffs is
corrected by 12.5% for the pelleting effect (CVB, 1998).
The objective of this experiment was to compare the effects of pressure toasting,
expander treatment and pelleting on rumen degradability and intestinal digestibility of
protein and starch in a legume seed mixture. An additional objective was to determine if
the effects of pressure toasting, expander treatment and pelleting on degradability and

56

Chapter 2

digestibility of this mixture were additive.
Materials and methods
Samples andtreatments
Lupins (Lupinus angustifolius), peas (Pisumsativum) and faba beans (Vicia faba) were
obtained from a commercial supplier (ACM, Meppel, The Netherlands). In order to
increase the effectiveness of pressure toasting, and possibly those of the other
treatments, each batch ofseeds was coarsely broken with aroller mill (Roskamp TP90036) with three vertical roller pairs and a capacity of 20 ton h"1. To achieve maximal
dehulling andminimal particle size reduction,theminimalgapwidthwas adjusted foreach
feedstuff and set at 3.20 mm for peas, at 3.90 mm for lupins and at 4.25 mm for faba
beans, respectively. The seeds were from the same batches used in a previous
experiment (Goelema et al., 1998).
Table 1 Chemical composition of untreated peas, lupins, faba beans and the mixture.
Peas
Dry matter (g/kg)

Lupins

Faba beans

Mixture1

939.5

950.3

948.0

939.6

Organic matter

966.3

970.9

958.9

963.6

Crude protein

261.4

349.5

306.2

295.8

8.7

56.0

11.6

27.5

63.8

152.9

89.0

121.7

In dry matter (g/kg DM)

Crude fat
Crude fibre
Starch

404.3

_2

413.1

295.6

NDF

118.5

248.7

151.9

174.3

ADF

78.0

196.6

111.6

153.0

ADL

2.2

8.5

3.2

5.2

1
2

The mixture consisted of peas, lupins and faba beans (1:1:1, dry matter basis).
-: Not determined
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The broken seeds (Table 1) were mixed (1:1:1, dry matter basis) and the mixture was
subjected to the following treatment or combinations oftreatments. In the abbreviations
forthetreatments, the codes alsodenote thesequence oftreatments, thefirst letter being
the treatment carried out first:
untreated control (U), expander treatment (E), pressure toasting (T), pelleting (P),
expander treated and subsequently pelleted (EP), expander treated and subsequently
pressure toasted (ET), pressure toasted and subsequently expander treated (TE),
pressure toasted andsubsequently pelleted (TP),expander treated,pressuretoastedand
subsequently pelleted (ETP), pressure toasted, expander treated and subsequently
pelleted (TEP).
Processing was carried out at the Wageningen Feed Processing Centre (WFPC).
Pressure toasting was carried out for 3 min at 132°C in a laboratory scale pressurized
toaster, asdescribed byVander Poeletal. (1990).After toasting, thesamples were dried
inaforced air oven for 16hat 35°C.When toasting was followed byexpander treatment
and/or pelleting, the toasted material was handled as described above, but when
expanded feedwas pelleted, this was done without previous drying orcooling. AnAlmex
expander (150 mm <J>, Almex BV Zutphen, The Netherlands), fitted with a22 kW engine
was used for the expander treatment. Pelleting was carried out with a 5 x 45 mm (bore
x hole) die, using a V2-30 pelletizer (Robinson milling systems B.V., Boxtel, The
Netherlands). Adetailed description oftheexpander/pelleting lineispresented byThomas
et al. (1997). Processing temperatures were determined using thermocouples
(Tempcontrol, Voorburg, The Netherlands) inthe pressure toaster and inthe mixing bolts
of the expander. The temperature of the first mixing bolt inthe expander was regarded
asthetemperature after conditioning, whereas thetemperature ofthe last mixing boltjust
before the exit of the expander was taken as the exit temperature of the expander.
Product temperatures after pelleting were determined using thermos flasks.
Specific mechanical energy (SME) ofconditioning, expander treatment andpelleting were
corrected forthe power consumption oftheengines when running idle andexpressed as
the energy dissipated in 1kgfeed mashduring thetreatment. The mashwas conditioned
at90°C for35sec(126kJSME/kg) beforeexpander treatment orpelleting.The residence
time inthe expander was 8sec, at 114°C (59 kJ SME/kg). Residence time inthe diewas
10 s and pellet temperature was 80°C (24 kJ SME/kg).
After expander treatment or pelleting as final treatments, the expandate or pellets were
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cooled in a two-deck counterflow bunkercooler (Robinson milling systems B.V., Boxtel,
The Netherlands), andsubsequently dried inaforced airovenfor 16hat35°C. This dried
material was also used for thetreatment combinations where toasting was preceded by
expander treatment or pelleting.
Rumenincubations
Rumen incubations were carried out according to Dutch standard methods (CVB, 1996)
in which four rumen-cannulated, lactating Holstein cross Frisian cows were used to
measure ruminal crude protein and starch degradation. The cows received about 19kg
of dry matter (DM) daily of a ration consisting of grass silage (65% of DM intake) and a
commercial concentrate (90 g intestinal absorbable protein and 6.5 MJ Net Energy for
Lactation (NEL) per kg.
Nylon bags (40 //m pore size, Nybolt, Switzerland) were prepared as described by
Goelema et al. (1998). Bagswerefilled (25mgsample/cm2) withthetest samples without
an additional grinding step to preserve the particle size after the treatments. Incubations
in the rumen were carried out for 0 (blank), 2, 4, 8, 12, 24 and 48 h, as described by
Goelema et al., (1998). Incubation residues were pooled within time and treatment and
ground through a 0.5 mm sieve (Retsch ZM1 centrifugal mill).
Intestinalincubations
Three lactating Holstein cross Frisian cows, fitted with a cannula in the proximal
duodenum, were used to measure intestinal protein digestibility. The cows received a
totally mixed ration consisting (on dry matter basis) of 27% grass silage, 27% maize
silage, 11% hominy chop,25%of acommercial concentrate (115 g intestinal absorbable
protein and 6.5 MJ NEL per kg) and 9% of soybean meal. The ration was fed in three
portions, at6:00, at 12:00 and at 16:00.Average daily intakes were 24,24and 18kgDM.
Small nylon bags (40//m pore size, Nybolt, Switzerland) were filled (25 mg/cm2)with the
12hrumen incubation residue.This rumen incubation residuewas prepared and handled
as described above, but with freeze-drying instead of oven-drying. Details about the
procedure for intestinal incubations were described previously (Goelema et al., 1998).
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Chemicalanalysis
The untreated mixture was analysed for DM, inorganic matter (ASH), crude protein (CP,
6.25 xN),crudefat(CFAT),crudefibre(CF),neutraldetergent fibre (NDF),acid detergent
fibre (ADF), acid detergent lignin (ADL) and starch. Prior to analyses, the samples were
ground through a 1 mm sieve. Feed samples, pooled rumen incubation and intestinal
incubation residues were analysed for DM,ASH,CP and starch, after grinding through a
0.5 mm sieve (Retsch ZM1 centrifugal mill) to increase homogeneity ofthe samples. All
chemical analyses were carried outfollowing procedures asdescribed by Goelema et al.
(1998).
Sieveanalysis
Particle size distribution was determined by wet sieve analysis. A 25-30 g sample was
sieved (Fritsch analysette 3) using six sieves with mesh sizes of 2.5, 1.25, 0.63, 0.315,
0.160 and 0.071 mm, respectively. Above the 2.5 mm sieve a sprinkler set was placed,
to add water to the set of sieves. A second sprinkler set was placed between the 0.160
and 0.071 mm sieve, to prevent blockage of the smallest sieve. To reach complete
disintegration of the pelleted feeds, all samples were soaked in 500 ml demineralized
water at room temperature for 45 min.
Sieving wascarried outinduplicate usingthefollowing procedure offirst,addingtapwater
which was allowed toflowthrough theset ofsieves. After 5min,the outflow was stopped
by placing the outflow tube at the level of the upper sieve and by stopping the water
supply. Sieving wascontinued for 10minafterstopping water outflow. Thewater wasthen
removed by lowering the tube. After removal of the water, the same procedure was
repeated twice. After the last water removal, sieving was carried out with free flowing
water for 5 min. Sieve fractions were quantitatively transferred to glass filter crucibles
(Scott Duran 2: f40 mm) of known dry weight, and dried for 2 x 2 h at 103°C, placed in
adesiccator for 1handweighed todetermine the DMfraction retained onthe sieves.The
fraction < 0.071 mm was calculated by subtracting the totalweight ofthe sieve fractions
from the dried sample weight and expressing it as afraction ofthe dried sample weight.
Modulus offineness (MF) andmodulus ofuniformity (MU)were calculated after Pfostand
Headly (1976). For the MU,the coarse, medium and fine fractions were calculated by
pooling the material retained on sieve 1and 2 (2500 and 1250//m), sieve 3 and 4 (630
and 315//m) and the last two sieves, and the pan (160 and 71 and < 71 /jm).
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of degradability

and

digestibility

CP and starch w e r e classified into three fractions: a washable fraction (W), m e a s u r e d as
the fraction disappearing after washing (0 h incubation); an undegradable fraction (U),
measured as the asymptote of the degradation curve at infinite incubation time, and a
potentially degradable fraction (D = 1 - W - U). T h e fractional degradation rate of the D
fraction (k d ), w a s calculated using a first order degradation m o d e l , without a lag time, as
described by Robinson et al. (1986). Undegraded intake crude protein (UIP) and
undegraded intake starch (UIS) w e r e calculated according to equations 2 and 3, using a
passage rate (k p ) of 0.06/h ( T a m m i n g a e t a l . , 1994). For starch, it w a s a s s u m e d that 1 0 %
of W e s c a p e s rumen fermentation, as discussed by G o e l e m a et al. (1998).
%UIP

= U + D * ( kp / ( k p + k d )

%UIS

=0.1 *W + D * ( k p / ( k

(2)
p

+ kd)

(3)

The CP and starch residues after intestinal incubations w e r e used to calculate the
digestibility as fractions of feed crude protein (TDP) and starch (TDS) a n d as fractions
of undegraded intake protein (DUP) and undegraded intake starch (DUS).
Statistical

analysis

Analysis of variance w a s conducted using the General Linear Models (GLM) procedure
of S A S (SAS, 1989) with the following model:
YB

= U + Tf + Dj + efl,

(4)

where, Y ;j is the dependent variable under examination (W, kd, % U I P , % U I S , % D U P ,
%DP), fj the overall m e a n , T,the treatment effect (i= 1-10), Djthe treatment day effect (j=
1, 2), a n d en the residual error t e r m .
Effects of treatments w e r e compared by contrast statements, after correcting for treatment
day effects, using the G L M procedure of SAS (SAS, 1989).
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Results
Laboratory measurements
Compared tountreated samples, expander treatment andpelleting significantly increased
CPcontent (Table 2).Proteindispersibility (PDI)and Nsolubility inwater (NSIH20) showed
similar effects of processing. PDI and NSIH20 significantly decreased after expander
treatment (14.4 and 14.2% units), pelleting (10.1 and 11.1%units), and especially after
toasting (43.5 and43.1% units).After combinations oftreatments, toasting dominates the
effect on PDI and NSIH20, irrespective of the combination.
A similar, but reverse trend was observed for SGD. Expander treatment and pelleting
increased SGD with 9and 7% units, respectively, while toasting resulted in a47%units
increase. Combinations of toasting, expander treatment or pelleting resulted in similar
values of SGD after toasting only. For PDI, NSIH20 and SGD, the order of toasting and
expander treatment had no effect on the results.
Expander treatment andpelleting reducedthefraction oflarge (>2.5 mm) particles (Table
3). This mainly resulted in an increased fraction of very small particles (<0.071 mm).
Toasting slightly changed particle size distribution compared to untreated samples, but
decreased the fraction of particles < 0.071 mm when applied after expander treatment.
The results ofthe combination oftoasting andexpander treatment depended onthe order
of the treatments, with toasting as the final treatment resulting in the coarser mash.
The MF and MU also illustrated these results. Processing decreased MF, while for MU,
the proportion of coarse particles decreased. The order of the toasting and expander
treatment significantly affected MF. Toasting after expander treatment resulted in a
coarser mash, which was maintained after pelleting.
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Table 2 Effects of processing on protein dispersibility index (PDI), nitrogen solubility index (NSIH20) and
starch degree of gelatinization (SGD)1.

Protein parameters

Parameter

Treatments
Untreated (U)
Expanded (E)
Toasted (T)
Pelleted (P)
EP2
ET
TE
TP
ETP
TEP
SEM

CP
(g/kg DM)

Starch parameters

PDI

NSIH20

(%)

Starch
(g/kg DM)

SGD

(%)

(%)

286.9
311.3
300.7
319.4
320.9
308.0
309.8
293.8
309.8
293.6
2.9

62.7
48.3
19.2
52.6
51.0
18.1
18.8
19.4
22.1
18.8
4.0

61.8
47.6
18.7
50.7
48.7
16.8
17.4
18.3
21.3
17.8
3.9

295.6
297.7
284.1
303.2
316.4
294.4
298.3
284.1
286.3
274.9
3.2

11.3
20.0
58.5
18.5
22.0
57.3
58.4
58.9
56.6
59.2
4.6

CONTRASTS3:
Toasting
Tvs. C
ET vs. E

NS
NS

***
***

***
***

NS
NS

***
***

Expander treatment
E vs. C
TE vs. T

*

***

***

NS

NS

NS

NS
NS

NS

Pelleting
P vs. C
EP vs. E
TP vs. T
ETP vs. ET
TEP vs. TE

**

***

***

NS
NS
NS
NS

NS
NS
+
NS

NS
NS

NS
NS
NS
NS
+

+
NS
NS
NS
NS

*
NS

*

CP:crude protein ing/kg DM;Protein dispersibility index (PDI), as%oftotalCP;nitrogen solubility index (NSIH20),
aspercentage oftotal N;Starch: starch infeed ing/kg DM,starch degree ofgelatinization (SGD), as percentage
oftotal starch.
EP:expanded andpelleted; ET:expanded andtoasted;TE:toasted andexpanded;TP:toasted andpelleted;ETP:
expanded, toasted and pelleted; TEP:toasted, expanded andpelleted.
Significance level: NS, not significant; ***, P<0.001; **, P<0.01;*, P<0.05; +, P<0.10.
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Table 3 Effects of processing on particle size distribution (fractions as%oftotal DM), modulus of fineness
MF) and modulus of uniformity (MF).

Particle size
(mm)

Treatments
Untreated (U)
Expanded (E)
Toasted (T)
Pelleted (P)
EP2
ET
TE
TP
ETP
TEP
SEM

<0.071 0.071

0.160
-

0.315
-

0.630 1.250
.
.
.

0.160

0.315

0.630

7.4
23.6

0.1
2.3

0.1
1.5

10.3
30.3
32.1

0.7
3.2
4.5
0.6
7.1

0.3
1.6
2.9
0.5
2.4

13.8

1.8

0.1
2.2
0.4
1.4
2.1
0.9
1.9
3.3

0.4
2.8
0.7
2.1
2.5
1.7
2.4
6.7

25.5

9.1
12.9

1.3

0.8

1.9
2.3
0.2

3.6
3.1
0.2

6.9
5.3
0.4

+

NS

NS

NS

NS

***

**

**

**

*

12.8
18.0
26.1
23.4

1.250

>2.5

MU1

MF

2.5

(C:M:F)

2.6
6.4

89.4
61.3
84.2
56.6
51.3
78.4

5.5
4.2

17.0
17.7
16.4

59.5
31.3
37.4
34.6

4.3
3.3

0.9

3.1

3.6
3.4
0.2

**

**

***

***

3.4
4.8
4.7
5.0
8.7

5.3
3.8
3.6
5.1

9 0
7 0
9 0
6 0
6 0
8 0
7 0
5 1
6
5

1
3
1
4
4
2
3
4

1 3
1 4

CONTRASTS3:
Tvs. C
ET vs. E

NS
NS

-

Expander treatment
C w c f*

***

***

***

***

***

T P V^ T

***

***

***

***

**

***

***

***

**

**

***
***

***
***

***
***

"*

***

NS

Pelleting
p .._ /-»

EP vs. E
TP v<? T

NS

NS

***

***

ETP vs. ET
TEP vs. TE

Coarse: medium: fine.
EP:expanded andpelleted; ET:expandedandtoasted;TE:toastedandexpanded;TP:toastedandpelleted;ETP:
expanded, toasted and pelleted; TEP:toasted, expanded andpelleted.
For significance levels see Table 2.
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Insitu degradability and digestibility ofprotein
Compared to untreated samples, expander treatment and pelleting decreased UIP by
increasing W (Table 4). Pelleting additionally increased the kd, resulting in a 55%
decrease of UIP. In contrast, toasting did not affect W, but decreased kd and
consequently, UIP increased.
The results of combinations of the expander treatment and toasting emphasized the
greater impact of toasting on kd: when applied after expander treatment, toasting
decreased kdsignificantly, but expander treatment did not affect kdwhen preceded by
toasting. When applied after expander treatment and toasting, the effect of pelleting on
kddiminished.
Toasting did not change W compared of untreated samples but, relative to expander
treatment and pelleting, it decreased W. The decreases of kd and W after toasting
dominated theeffects ofprocessing onUIP.The lowest UIPwas observed after pelleting,
while toasting resulted in the highest UIP. Combinations of treatments which included
toasting resulted in a much higher UIPthan after expander treatment and pelleting only.
Toasting significantly decreased DUP and TDP of untreated or expanded feed. Pelleting,
on the other hand, increased in all cases TDP, and DUP when applied after toasting or
expander treatment/toasting. The order oftoasting andexpander treatment had no effect
on protein degradation and digestion characteristics.
Insitu degradability and digestibility ofstarch
Expander treatment andpelleting significantly decreased UISduealarger Wandahigher
kd (Table 5). Compared to untreated samples, toasting tended to decrease W and to
increase kd, but UIS did not change. On the other hand, toasting decreased W and
increased UIS of expanded feed. In combination with other treatments, UIS decreased
after expander treatment and pelleting. For the expander treatment, this was due to an
increase of W, while after pelleting, both W and kdincreased.
Expander treatment andtoasting hardly affected DUS andTDS, but pelleting significantly
increased TDS. The sequence of the treatments did not affect any of the starch
degradation or digestion characteristics, except for UIS, which tended to be lower for
toasting/expander treatment, compared to expander treatment/toasting (P < 0.10).
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Table 4 Effects of toasting, expander treatment and pelleting on in situ rumen degradation characteristics
and intestinal digestion of crude protein1.

Parameter

Treatments
Untreated (U)
Expanded (E)
Toasted (T)
Pelleted (P)
EP2
ET
TE
TP
ETP
TEP
SEM
CONTRASTS3:
Toasting
Tvs. C
ET vs. E
Expander treatment
E vs. C
TE vs. T
Pelleting
P vs. C
EP vs. E
TP vs. T
ETP vs. ET
TEP vs. TE

D

K

UIP

DUP

TDP

(%)

(%)

(%/h)

(%)

(%)

(%)

-3.3
14.5
-0.4
22.8
22.5
4.6
5.4
15.6
16.3
12.9
2.0

103.3
85.5
100.4
77.2
77.5
95.4
94.6
84.4
83.8
87.1
2.0

3.6
3.5
1.7
10.0
8.3
1.7
1.8
2.8
2.4
2.7
0.6

64.7
54.1
78.0
28.9
32.6
74.8
72.4
57.9
59.8
60.4
3.6

94.2
94.7
90.1
94.1
95.5
90.6
91.5
93.4
95.0
93.5
0.5

95.9
96.9
91.4
98.1
98.4
92.2
93.2
95.7
96.7
95.7
0.6

NS

NS

**

**

***
***

***
***

**
**

**
***

***

***

+

+

NS
NS

**
*

NS
NS

NS
+

***
*
***
**
*

***
*
***
**
*

***
***
**
*
*

***
***
***
***
***

NS
NS

NS

W

*
**
NS

*
**
**
*

W:washable fraction; D:potentially degradable fraction; k„:rateofdegradation ofD(%/h); UIP:undegraded intake
protein, as percentage ofCP; DUP: intestinal digestibility aspercentage ofUIP;TDP:total digestibility ofprotein,
as percentage offeed CP.
EP:expanded andpelleted; ET:expanded andtoasted;TE:toasted andexpanded;TP:toasted andpelleted;ETP:
expanded, toasted and pelleted; TEP:toasted, expanded andpelleted.
For significance levels see Table 2.
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Correlations of laboratory measurements and in situmeasurements
There was a strong positive correlation (r=0.99), between PDI and NSIH20, while SGD
negatively correlated with both PDI and NSIH20 (r=-0.99). PDI, NSIH20 and SGD did not
correlate with MF (Table 6).
PDIand NSIH20 also positively correlated with kd ofCPand,consequently, negatively with
UIP. No correlations were found between PDI or NSIH20 and W of CP. Although SGD
negatively correlated withWof starch (r=-0.53, P=0.016), itwas notassociated with other
degradability or digestibility characteristics.
MF positively correlated with UIP and UIS (r=0.57, P=0.0085 and r=0.84, P=0.0001;
respectively), due to negative correlations with the W of CP and with the W and l^ of
starch, respectively.
Rumen degradation characteristics of CP and starch are also highly correlated (P <
0.001). W and kdof CP and starch positively correlate (r=0.79 and r=0.81, respectively),
as well as UIP and UIS (r=0.87). Similar associations were found for digestion
characteristics: both intestinal digestibility andtotaltract digestibility ofprotein and starch
significantly correlated (r=0.52 and r=0.67, respectively).Correlations of laboratory
measurements and in situ measurements
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Table 5 Effects of toasting, expander treatment and pelleting on insitu rumen degradation characteristics
and intestinal digestion of starch1.

Parameter

Treatments
Untreated (U)
Expanded (E)
Toasted (T)
Pelleted (P)
EP2
ET
TE
TP
ETP
TEP
SEM

W

D

kd

UIS

DUS

TDS

(%)

(%)

(%/h)

(%)

(%)

(%)

6.3
18.1

93.7
81.9

1.2
2.4

102.0
80.3

2.1
7.4

24.1
1.3
7.6
10.3

75.9
98.7
92.4
89.7

9.9
16.0
1.9

90.1
84.0
1.9

7.2
2.5
2.5
4.3
4.4
4.5
0.5

36.8
69.6
65.7
53.3
53.2
49.7
3.2

74.1
75.4
75.5
73.5
83.7

79.7
85.2

-2.0
19.7

78.4
60.2
75.2
37.9

81.6
89.9

87.5
84.9
1.3

94.0
82.7
85.6
90.6
93.3
92.5
1.2

NS
NS

NS
NS

75.3
78.0
82.4

CONTRASTS3:
Toasting

Tvs. C

+

+

+

NS

ET vs. E

**

**

NS

**

*
*

*
*

*

***
**

NS

+

NS

NS

NS

***
***
***
**
***

***
***
***
***
***

NS
+

**
**
**
**
*

Expander treatment
E vs. C
TE vs. T
Pelleting
P vs. C
EP vs. E
TP vs. T
ETP vs. ET
TEP vs. TE

**

**

NS

NS

**
*
*

**
*
*

NS

*
NS

W:washable fraction; D:potentially degradable fraction;ka: rateofdegradation ofD(%/h); UIS:undegraded intake
starch, as percentage of starch infeed, DUS: intestinal digestibility, as percentage of UIS;TDS:total digestibility
of starch, as percentage of starch infeed.
EP:expanded andpelleted; ET:expanded andtoasted;TE:toastedandexpanded;TP:toasted andpelleted;ETP:
expanded, toasted and pelleted; TEP: toasted, expanded andpelleted.
For significance levels see Table 2.
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Table 6 Pearson correlation coefficients and significance levels of laboratory parameters and in situ
results.

Laboratory parameters
NSI H20

SGD

(%)

In situ parameters for protein
MF

(%)

W

(%)

K
(%/h)

UIP

DUP

TDP

(%)

(%)

(%)

Laboratory parameters:
PDI

0.99

-0.99

NS

NS

***
NSIH20

-0.99

0.69

***
NS

NS

***
MF

0.67

-0.62

0.55

**
-0.61

0.62

*

**

0.55

0.62

**

**

*

**

-0.83

NS

0.57

-0.48

-0.58

0.79

0.70

In situ parameters for starch:
W

0.53

-0.67

*

**

***

***

kc

NS

-0.71

0.87

0.81

***

***

***

-0.85
-0.87

UIS

NS

0.84

-0.95

-0.73

***

***

***

DUS

NS

-0.63

0.52

**

*

0.38
+

-0.88

0.64

0.67

TDS

1
2

NS

0.87

For abbreviations see Table 2-5.
For significance levels see Table 2.

Discussion
Laboratorymeasurements
Degradability and particle size measurements were completed using unground samples,
and thus are influenced by the coarseness of the incubated material. In contrast, PDI,
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NSIH20 and SGD were determined in finely ground (1 mm screen) samples. Results for
the latter parameters therefore reflect the physico-chemical changes due to toasting,
expander treatment and pelleting. Although screen size (1 mm vs. 0.5 mm) significantly
affected PDI and NSIofpeas, lupins andfaba beans (Goelema, unpublished) and PDI(2
mmvs. 1mm) ofheat roasted soybeans (Hsuand Satter, 1995),there was nocorrelation
between MFand PDI,NSI H20andSGD.Thus, itwas concluded thattheobserved particle
size reduction after processing had no effect on these parameters.
PDI and NSIH20 were highly correlated, with PDI always showing slightly higher values
than NSIH20.This isthe result ofamore rapidstirring during dispersing, and isconsistent
with the results of Horan (1974) for soy protein products. Both parameters are indicators
of protein denaturation (Horan, 1974).
The marked decrease of PDIand NSIH20 after toasting, compared toexpander treatment
and pelleting, isconsistent with the shorter processing times andthe decreasing input of
thermal energy of these treatments. Conversely, PDI and NSIH20 may be less suitable
indicators for denaturation below a PDI or NSI level of 20%, which is in line with results
of Hsu and Satter (1995) and Marsman et al. (1995). A decrease of PDI and NSIH20 has
been observed previously aftertoasting (Marsman etal., 1993;Goelema et al., 1998) and
autoclaving (Araba and Dale, 1990; Parsons et al., 1991). Inthe latter three studies NSI
was determined with KOH. Protein dispersibility, as measured inwater suggests values
which are lower than Nsolubility in KOH (Thomas et al.,1997), but changes inthe same
manner after processing.Thomas etal.(1997)concluded that PDIisabetter discriminator
than NSIK0H between technological treatments under the conditions of a lowto moderate
level of SME (110 kJ/kg), as was the case inthe present experiment. However, NSIK0H
is more suitable for conditions where very high specific mechanical energy is used, such
as extrusion (Marsman et al., 1995). The present study shows that differences between
PDIand NSIaremore relatedtothe medium used,rather thantothedifferences between
the methods of dispersion and solubilization.
SGD increased after processing andshowed thesame, butopposite changes asPDI and
NSIH20. Toasting was the treatment with the longest processing time and the highest
temperature, andsignificantly increased SGD,whileexpander treatment andpelleting only
slightly increased the SGD of untreated samples, but not after toasting.
Under conditions of low moisture content (<30%), gelatinization temperature of starches
rapidly increases (Lund, 1984; Eliasson and Gudmundsson, 1996; Keetels, 1995). The
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longer processing time during toasting facilitated water diffusion and,incombination with
a processing temperature of 132°C, resulted in 58% gelatinization (Table 2). This is
consistent with aprevious study (Goelema etal., 1998) which showed that, especially for
broken seeds, toasting increased SGD of peas and faba beans to a large extent. Upon
cooling and drying after toasting, gelatinized starch may have retrograded (Eliasson and
Gudmundsson, 1996). Subsequent expander treatment or pelleting may have induced
renewed gelatinization ofthe retrograded starch. Since SGD was determined 4 months
after production, it is not known whether retrogradation took place or not. Longterm
storage (> 1year) at4°C,however had noeffect onSGD oftoasted peas andfaba beans
(Goelema, unpublished) compared to analyses 1month after treatment.
Since the energy input of expander treatment and pelleting was insufficient for a
significant increase of SGD of native starch (C) it is questionable whether expander
treatment andpelleting could increase SGDaftertoasting.Thiswasconsistent with results
of Thomas et al. (1998), who showed that after expander treatment of tapioca, its SGD
did not exceed 60%. This isconsistent with a study byVan Zuilichem and Van der Poel
(1986), who reported that between 350 and700kJSME per kgwas needed for complete
gelatinization of starch in single screw extruders.
In situ degradability and digestibility ofprotein andstarch
Insitu rumen degradability ofprotein and starch isaffected by physico-chemical changes
such as solubility, denaturation and gelatinization, as well as by the physical
characteristics such as particle size. Standard procedures for in situ measurements
(Michalet-Doreau andOuld-Bah, 1992;Huntington andGivens, 1995;CVB, 1996) include
grinding, to mimic the effect of mastication aswell asto obtain a representative sample.
Concentrates are usually ground beforethemanufacturing ofanimal feeds andtherefore,
quantifying the effect ofgrinding fineness on insitu measurements isan important issue.
Shear forces during processing may alter particle size distribution and subsequently
degradability. Grinding was therefore notapplied before incubation to beableto quantify
this effect. Consequently, the degradability ofthe untreated mixture was lower than what
isusually observed for these feedstuffs. Ina previous study, Goelema et al.(1998) used
3 mm ground samples of the same batches offeedstuffs for rumen incubations. In their
study, thewashable fraction anddegradation rate ofprotein and starchwere higher (55.2
and 51.9%,and 5.80 and3.59%/h, respectively) than inthepresent study (-3.3 and6.3%,
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and 3.6 and 1.2%/h, respectively. Consequently, UIP and UIS of the ground mixture (3
mmscreen) inthe previous study (Goelema etal., 1998)were muchsmaller (23and35%,
respectively), than in the present study (65 and 78%, respectively).
The high correlation between the MFand theW of CP inthe present study confirms that
the increase of W (Table 4) was related to the decreased particle size after expander
treatment andpelleting. Fornearly allcombinations oftreatments, thereduction inMFwas
consistent with the increase of kd.This agrees with previous studies where decreased
particle sizeaftergrinding increased proteindegradability (Michalet-Doreau andCerneau,
1991; Michalet-Doreau and Ould-Bah, 1992). Onthe other hand, Nocek (1985) reported
effects on protein solubility, but not on kd. In contrast, Ehle et al. (1982) did not find a
consistent influence of particle size on the kdof CP. For starch, changes in MF after
processing correlated withW,kd and UIS,which isinlinewith effects ofgrinding onstarch
degradation (Cerneau and Michalet-Doreau, 1991). The relatively low CP and starch
degradability of the untreated mixture inthe present study also explains the small effect
of toasting on degradability, as compared to previous results (Goelema et al., 1998).
The lowkdofCP after toasting suggests that thistreatment has much more impact on kd
than subsequent expander treatment or pelleting. Itshould also be noted that, compared
to untreated samples, expander treatment and pelleting decreased PDI and NSIH20,
without increasing UIP. Other authors reported adecrease ofthe soluble fraction andthe
kdof CP after expander treatment and extrusion (Cros et al., 1991,1992;Walhain etal.,
1992; Nielsen, 1994; Prestlokken, 1994;Arieli etal., 1995).These authors generally used
temperatures ranging between 120°C and 135°C during expander treatment and
extrusion, which is higher than those used in the present experiment. Walhain et al.
(1992) extruded peasat 140,180and220 °C,andArielietal.(1995) expanded feedstuffs
at 115°C. However, these authors used ground samples for incubation. Since incubation
inthe unground form decreased the effect of toasting on UIP from 30% units (Goelema
et al., 1998) to 10% units in the present experiment, this may also have affected the
difference inUIPafterexpander treatment andpelleting.Forgroundconcentrate mixtures,
Goelema et al. (1996) and Tamminga and Goelema (1995) reported that pelleting
decreased UIP and UIS by about 12%and 19%, respectively, while expander treatment
decreased UIP and UIS by 14% and 36%, respectively.
The strong correlation of PDI and both kdand UIPwas also observed by Hsu and Satter
(1995) after roasting soybeans. Forsoybeans,theseauthorsfoundanoptimum protection
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ofprotein which corresponded toa PDIbetween 9to 11%, which is lower thanthe lowest
values for PDI observed in our study.
Inagreement with other studies (Croset al., 1991;1992; Kibelolaud et al., 1993),toasting
only slightly decreased DUP and TDP in our prior study (Goelema et al., 1998). In the
present study, toasting decreased DUP and TDP by about 4% units, which is closely
related to the coarseness ofthe incubated samples. Despite these small decreases, the
higher UIP results in an increased supply of intestinal digestible undegraded protein.
Expander treatment and pelleting decreased UIP when applied after toasting, but the
combined treatments which involved toasting always resulted inaconsiderable larger UIP
and amount of DUP compared to expander treatment and/or pelleting.
It is often assumed that gelatinization of starch after heat treatment of starches is the
reason for an increased ruminal starch degradability (Walhain etal., 1992). However, the
present experiment shows that toasting increases SGD considerably, without affecting
UIS. Moreover, the lowest values of UIS (38% after pelleting and 37% after expander
treatment/pelleting) corresponded with the lowest values of SGD ofthe processed feeds
(19 and 22%). Thus, it is questionable whether this measure only represents
gelatinization.
Thecorrelation between thedegradability ofstarch and protein (Theurer, 1986; Goelema
et al., 1998) was maintained after processing, which agrees with results of Arieli et al.
(1995). This suggests that the seed protein matrix influences the degradability ofstarch.
Thus, the conditions during the treatments resulted in identical changes with respect to
protein and starch degradability. Conditions such as higher shear rates and higher
temperatures may result inopposite changes, asforinstance wasthecaseafter extrusion
of peas (Walhain et al., 1992) and steam flaking of corn and sorghum (Theurer, 1986).
Denaturation of the protein matrix may have also reduced degradability of starch, by
limiting access for starch hydrolyzing enzymes, as proposed by Holm et al. (1985) and
McAllister et al. (1994). Retrograded starch, formed upon cooling the gelatinized starch
in the toasted product (Keetels, 1995; Eliasson and Gudmundsson, 1996), is extremely
difficult to solubilize (Greenwood, 1970) which resulted in a decreased W after
combinations oftreatments involving toasting. Moreover, complexes between protein and
starch may beformed upon heat-moisture treatments (Thorne andJenkins, 1983; Franco
etal., 1995) and may have ledtothe reduced degradability after toasting, although others
have questioned this explanation (McAllister et al., 1990). Retrogradation sometimes
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results in the formation of small amounts of intestinal indigestible starch (Englyst et al.,
1992).Although DUSwasnotdecreased after processing, increased hindgut fermentation
may have compensated forthe reduced small intestinal digestibility of UIS, as processing
generally leads to an increased total tract digestibility of starch (Owens et al., 1986).
Conclusions
Based on these results, the following hypothesis may explain the effects on starch
degradability of steam treatment. When starchy feedstuffs are heated by steam, its
condensation on the feedstuffs increases the moisture content of the feedstuff. If the
temperature ofthe seeds during processing exceeds thegelatinization temperature atthe
actual moisture content then gelatinization starts. Depending on the moisture content,
temperature, and processing time,thisgelatinization willvaryfrom alocal and partial one
to a complete gelatinization which increases starch degradability in the rumen. Upon
cooling anddrying,recrystallization cantakeplace.Sincegelatinization and retrogradation
offset each other, different processing conditions leadtodifferent outcomes. Shear forces
during orafter heatprocessing, for instance duringflaking,expander treatment, extrusion,
or pelleting, further disrupt the granular structure ofstarch and interact with the two afore
mentioned processes. Sincethechemical composition offeedstuffs andthestructure and
gelatinization properties ofstarches indifferent feedstuffs greatlyvary, notablywhenshear
is involved, differences among feedstuffs due to processing are to be expected. In
addition, processing can alter the protein matrix (Thome and Jenkins, 1983) and/or
particlesizedistribution (Cerneau andMichalet-Doreau, 1991),whichalsoinfluence starch
degradability.
Overall, the present results show that toasting is an effective way to decrease in situ
rumen protein degradability and in combinations with other treatments, rumen starch
degradability. Expander treatment and pelleting increased rumen degradability of protein
andstarch. Processing hardly affected totaltractdigestibility ofstarch andprotein,except
for toasting, which decreased protein digestibility. Due to the large increase of UIP and
UIS, toasting resulted in an increased amount of intestinal digestible protein and starch,
whichwas only slightly decreased bysubsequent expander treatment orpelleting. Indairy
cow nutrition, the increased degradability of protein and starch after pelleting should be
taken into account during diet formulation. Since expander treatment can result in an
increased, as well as in a decreased degradability of protein and starch, the conditions
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used during processing are of essential importance for a proper judgement of the
treatment with respect to degradability.
Inthis study, theeffects ofexpander treatment and pelleting on insitu degradability were
closely relatedtotheeffects onparticle size,whereas theeffect oftoasting directly related
tochemical changes. Comparison with resultsfromthe literature emphasizes theneedfor
afurther evaluation ofthe specific effect ofprocessing conditions on rumen degradability
of protein and starch. This should lead to a better understanding of the underlying
structural changes of protein and starch, and their interaction, which are responsible for
the observed changes inthe digestive behaviour of protein and starch after processing.
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Effect of Various Conditions during Pressure Toasting on Rumen Degradability
and Intestinal Digestibility of Faba Beans, Peas, Lupins and Soybeans
1. In situ degradability and digestibility of protein
J.O. Goelema, B.H.G. Boswerger, I. van Deurzen, and G. Hof

Abstract
Pressure toasting was usedto increase the intestinal absorbable protein (DVE) content offaba beans, peas,
lupins and soybeans. Whole seeds were toasted at 100, 118 or 136°C for 3, 7, 15 or 30 min. Ground
samples were incubated in the rumen and intestines of dairy cows to measure in situ rumen undegraded
intake protein (%UIP) and intestinal digestible rumen undegraded protein, respectively.
Toasting significantly increased %UIP bydecreasing both the washable fraction (W) and the fractional rate
of degradation (kd)of crude protein (CP). Total tract protein digestibility of faba beans, peas and soybeans
was not affected by the treatment, but for lupins it was slightly decreased.
Faba beans and peas show great resemblance inchemical composition, andwere also similar with respect
to the rumen degradability and the sensitivity to the different processing conditions. Likewise, lupins and
soybeans showed a similar behaviour after pressure toasting.
For faba beans and peas, W consistently decreased when temperature or time of processing were
increased. For lupins and soybeans, W decreased after toasting at 100°C, but slightly increased after
toasting at higher temperatures. The kj was strongly decreased after toasting at 136°C. Generally, higher
processing temperature resulted ina higher %UIP and protein value (DVE). The largest increases of %UIP
and DVE were found after pressure toasting for 15 min at 136°C. The %UIP increased by 152%, 156%,
142% and 56%, while for DVE, the increases were 91%, 80%, 76% and 7 1 % for faba beans, peas, lupins
and soybeans, respectively.
Taking into account the loss of small particles from the nylon bags increased the levels of UIP, aswell as
the effect of pressure toasting on UIP and DVE. Based on the results of this study, it was concluded that
pressure toasting is an economical method to increase the protein value of faba beans, peas, lupins and
soybeans.
Key words: Legume seeds, Pressure toasting, Processing conditions, Rumen undegraded intake protein

Introduction
Inthe Netherlands, protein in ruminant diets consists mainly of imported feedstuffs and
byproducts from the food industry, such as soybeans and soybean meal, expeller and
extracted forms of palm kernels, coconut, sunflower seeds and cottonseed. Possible
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substitutes forthese protein sources which canbegrown inthe European Community are
legume seeds such as lupins, peas and faba beans. Most legume seeds contain
significant amounts of protein, and some contain starch as well.
Heat treatments have been used successfully to increase the amount of UIP in legume
seeds as measured in situ (Cros et al., 1991,1992; Aguilera et al., 1992; Robinson and
McNiven, 1993; Benchaar et al., 1994; Schroeder et al., 1995) and in vivo (Pena etal.,
1986; Benchaar et al., 1991; Moshtaghi Nia and Ingalls, 1995), although an increased
supply of rumen undegraded protein did not always show apositive production response
(Focant et al., 1990; Singh et al., 1995).
Heattreatment converts proteinfromanorderedtoadisordered (denatured) state. During
the endothermic process of denaturation, intramolecular bonds are disrupted and
polypeptide chains unfolded (Wright, 1982). Mild heat treatments mainly affect hydrogen
bonds resulting in a loss of the tertiary and secondary structure. But when treatments
become more severe, new intermolecular disulfide bridges and isopeptides areformed,
thiscan beassociated with some loss ofamino acids (Hurrel etal., 1976). Moreover, heat
treatments may result in Maillard reactions between reducing sugars and free amino
groups ofamino acids, peptides andproteins, which reduces rumen degradability (Cleale
et al., 1987) of protein, and sometimes even its digestibility and subsequent absorption
inthe small intestine (Van Soest, 1994).
The effect of heat treatment depends on the temperature and the duration of the
treatment. Little systematic research has been done on the combination of these two
factors. An experiment was conducted to study the effects oftemperature and residence
timeduring toasting offababeans, peas,lupins, andsoybeans ontherumen degradability
and the intestinal digestibility. In the present paper, the effects of processing on insitu
protein degradability and digestibility are described.
Materials and methods
Samples andtreatments
Faba beans (Vicia faba cv. Alfred), peas (Pisumsativum), lupins (Lupinusangustifolius)
andsoybeans (Glycinemax.)wereobtained fromacommercial supplier. Thewhole seeds
were pressure toasted (Van der Poel et al., 1990) at 100°C for 7, 15 and 30 min; at
118CC for 3,7, 15or 30 min,and at 136°C for 3,7or 15min.Treatments were repeated
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on two consecutive days. After toasting, the samples were oven-dried at 35°C for 16 h.
Untreated samples of the feedstuffs were used as controls.
In situincubations
Rumen incubations were carried out according to Dutch standard methods (CVB, 1996)
with four rumen-cannulated, lactating Holstein cross Friesian cows. The cows received
daily about 16kgofdry matter (DM) ofaration consisting ofhay (55%oftotal DMintake;
853 g DM/kg, 5.4 MJ NEL and 62 g intestinal absorbable protein (DVE)/kg DM) and a
commercial pelleted concentrate ( 6.5 MJ NEL and 120 g DVE/kg). Average daily milk
productions were 13.6, 18.8, 21.2 and 27.6 kg.Nylon clothwith a poresize of40//m and
an effective surface of 30% (PA 40/30, Nybolt, Switzerland) was used to prepare bags
with an internal surface ofapproximately 250 cm2.Feed samples were ground through a
3 mm sieve (Retsch centrifugal mill). The bags were filled with about 5 g DM of the
ground sample, weighed, and incubated inthe rumenfor 0(blank), 2,4,8, 12,24,48 and
336 h. Treatments were randomly divided over cows.
After incubation, bags were immediately placed in icewater and rinsed with tap water to
stopfermentation. Thenthebagswerewashed inadomestic washing machine for 50min
with 70 I of cold water, without centrifugating. After washing, the bags were dried in a
forced air oven at 60°C for 24 h, air equilibrated and weighed. Residues from the bags
were pooled within time and treatment and ground through a 1 mm sieve (Retsch
centrifugal mill).
Two lactating Holstein cross Friesian cows, fitted with a cannula in the proximal
duodenum, were used to measure intestinal protein digestibility. The cows received
approximately 23 kg DM ofatotally mixed ration.The ration consisted of artificially dried
grass (50%), maize silage (20%), hominy feed (7%), acommercial pelleted concentrate
(9%) and soybean meal (2%) and contained 520 g/kg DM,6.7 MJ NEL and 104 g DVE
per kg DM.Average daily milk productions were 32 and 22 kg.
Nylon cloth with a pore size of40//m and aneffective surface of 30%(PA 40/30, Nybolt,
Switzerland) was used to prepare bags with an internal surface ofapproximately 25cm2.
The bags were filled with approximately 0.5 g DM ofthe 12 h rumen incubation residue.
Priortoincubation,the rumen incubation residuewas prepared and handled asdescribed
above, but with freeze-drying instead of oven-drying.
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Prior to incubation in the proximal duodenum the bags were incubated in a solution
containing 1g (2000 FIP U/g) pepsin in 1I0.1 MHCL at 37°C for 1h.Three bags were
inserted into the cannula ofeach cow every 20 min. After insertion of 12bags, a 20 min
break was taken after which the procedure continued. Bags were retrieved from the
faeces every 2handstoredat-20°C until allthebags hadbeen recovered. Afterthawing,
the bags were rinsed, washed and freeze dried as described above. Residues were
pooled within treatment and ground through a 0.5 mm sieve (Retsch centrifugal mill).
Physico-chemical analyses
The seeds were analyzed for DM,inorganic matter (ASH), crude protein (CP, 6.25 xN),
crude fat, crude fibre (CF), neutral detergent fibre, acid detergent fibre, acid detergent
lignin and starch (Table 1). Pooled rumen and intestinal incubation residues were
analyzed for DM,ASH, CP and starch.
DMwas determined by drying to aconstant weight at 103°C following ISO method 6496
(1983), ASH by combustion at 550°C according to ISO method 5984 (1978). N was
determined with the Kjeldahl method with CuS0 4 as the catalyst, following ISO method
5983 (1979). CF was analyzed according to NEN method 5417 (1988). Crude fat was
analyzed according to ISO/DIS method 6492 (1996) Acid detergent fibre and lignin were
analyzed according toVan Soest (1973). Neutral detergent fibrewas analyzed according
to amodified method ofVan Soest et al. (1991), asdescribed by Goelema et al. (1998a).
Total starch and was determined as described by Goelema et al. (1998a).
The water soluble fraction ofthe 3 mm ground samples used for in situ incubations was
measured by filtration over filter papers (A.G. Frisenette & Sonner Aps, Ebelftoft,
Denmark, nr. 607-90 mm), as described by Weisbjerg et al. (1990).
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Table 1 Chemical composition of untreated faba beans, peas, lupins and soybeans.
Faba beans
Dry matter (g/kg)

887.3

Peas

Lupins

Soybeans

883.6

909.0

925.4

In dry matter (g/kg DM)
Organic matter

959.8

966.5

969.3

945.1

Crude protein

312.1

249.8

324.4

393.6

11.4

11.8

66.4

198.3

143.8

67.4

Crude fat

82.1

53.6

Starch

417.2

491.2

Neutral detergent fibre

119.9

97.8

230.4

126.1

Acid detergent fibre

116.7

71.9

196.0

90.1

Acid detergent lignin

13.9

7.6

10.4

10.5

Crude fibre

1

_i

-

-: Not determined

Calculation of degradability anddigestibility
CP (N x 6.25) was classified into three fractions: the washable fraction (W), a truly
undegradable fraction (U), measured astheasymptote ofthedegradation curveat infinite
incubation time; and a potentially degradable fraction (D) (D = 1-W - U).
Thefractional rate ofdegradation ofthe Dfraction (kd, in%/h) was calculated using afirst
order degradation model, without a lag time, as described by Robinson et al. (1986).
Rumen undegraded intake protein (%UIP) was calculated for anoutflow rate (kp)of 6%/h
(equations 1and 2), according to Tamminga et al.(1994).
%UIP
UIP (g/kg DM)

= U+ D * ( k p / ( k p + k d )
= CP * 1.11 * %UIP /100

(1)
(2)

Thecrude protein residue remaining after intestinal incubations (IP,ing/kg DM)was used
to calculate total protein digestibility (%TDP) as afraction of intake crude protein (CP, in
g/kg DM) and as afraction ofthe undegraded intake protein (%DUP), using equations 3
to 5.
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= 100 * ( C P - I P ) / C P

(3)

%DUP
= 100 * (UIP - IP) / UIP
DUP (g/kg DM) = UIP * %DUP / 100

(4)
(5)

The protein value, i.e.theamount ofintestinal absorbable protein (DVE,g/kg DM) andthe
rumendegradable protein balance (OEB,g/kg DM)werecalculated according tostandard
procedure (Tamminga et al. 1994). Forthe untoasted seeds, tabular values (CVB, 1998)
were used for the faecal digestibility of organic matter (%DOM). For the toasted seeds,
tabular values of DOM of untoasted seeds were corrected for the difference in total
digestibility of organic matter (%TDOM) (equation 6). The %TDOM was calculated
similarly as explained above for %TDP (equation 3).
%DOMtoasted

= %DOMCVB untoasted - (%TDOMuntoasted - %TDOMtoasted )

(6)

For example, when %DOMCVB untoasted = 80, %TDOMuntoasted = 90 and %TDOMtoasted=85,
then %DOMtoasted = 80 - (90 -85) =75.
Statisticalanalysis
Analysis of variance was conducted using the General Linear Models (GLM) procedure
of SAS (SAS, 1989) with equation 7. Treatment means were compared pairwise using
Tukey's HSD-test (P < 0.05).
Yfj

=/J + Treatment + Dj + ey,

(7)

where, Y^isthe dependent variable under examination (W, D,kd,%UIP, %TDP, %DUP,
DUP, DVE, OEB), /J the overall mean, treatment; the treatment effect (i= 1- 11), Djthe
treatment day effect (j= 1,2).
Linear correlations were analyses with procCORR (SAS, 1989). Regression analysis was
carried out with proc GLM, using equation 8 (SAS, 1989), after omitting the untreated
controls from the dataset. For regression, processing temperature was linearly
transformed into increments from 100°C (i.e. 0, 18 or 36). If possible, models were
reduced incomplexity byexcluding non-significant quadratic effects (P >0.10). When the
remaining interaction modelonlycontained non-significant effects (P>0.10), itwastested
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whether excluding the interaction term resulted insignificant effects of toasting time and
temperature. When this was the case, the remaining additive model was presented.
Y , = a + D, + IJ, X, + l i 2 X 2 + U3 (X, X 2 ) + I i 4 X, 2 + (J5 X 2 2 + e¥

where, Yyisthe dependent variable under examination (W, D,kd,%UIP, %TDP, %DUP,
DUP, DVE, OEB),athe intercept, D; thetreatment day effect (i= 1,2),X,the temperature
effect (in °C),X2the time effect (in min), &,the linear effect oftemperature, I3>2 the linear
effect of time, &3the interaction of time and treatment
B4the quadratic effect oftemperature, B5 the quadratic effect of time and e-() the residual
error term.
Table 2 List of abbreviations used in the paper.

Abbreviation

parameter

CP

crude protein content (N x 6.25)

DOM

apparent (faecal) organic matter digestibility

D

potentially degradable fraction (%)

DM

dry matter content (g/kg)

DUP

intestinal digestible UIP, as % of UIP or in g/kg DM

DVE

intestinal absorbable true protein, in g/kg DM

FS

filer soluble fraction (in %)

IP

indigestible protein (g/kg DM)

kd

fractional degradation rate (%/h)

kp

fractional outflow rate (%/h)

OEB

rumen degradable protein balance (g/kg DM)

SEM

standard error of the mean

TDOM

total digestibility of organic matter (in %)

TDP

total digestibility of crude protein (in %)

U

truly rumen undegradable fraction (%)

UIP

rumen undegraded intake protein, as % of CP

X50N

apparent mean N particle size ipm)

W

washable fraction (%)

(8)
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Results
Chemicalcomposition
Table 1liststheabbreviations used inthepaper.Table 2showsthechemical composition
ofthe untreated legume seeds. Faba beans andpeasbothcontain considerable amounts
of starch compared to the other seeds. Lupins had the highest crude fibre, neutral
detergent fibre and acid detergent fibre content. Soybeans were richest inCP and crude
fat.
Protein degradability anddigestibility
In tables 3, 4, 5 and 6 the rumen protein degradation characteristics are presented for
faba bean, peas, lupins and soybeans, respectively. In all legume seeds toasting
increased %UIP by decreasing the W andthekd,butthere were differences in sensitivity
to the processing conditions. Effects of day of processing were never significant (P >
0.10).
W ofCPwas higher for untreated faba beans andpeas,thanforlupins andforsoybeans.
TheW offaba beans (Table 3) and peas (Table 4) responded similarly toan incremental
temperature andtime during processing. Forfaba beans, thetreatment time effect onW
was linear (P < 0.10), whereas for peas, the smaller response after prolonged toasting
resulted in quadratic effect for peas.
The sensitivity of W to pressure toasting for lupins (Table 5) corresponded to that for
soybeans (Table 6).For lupins, processing conditions exceeding atemperature of 118°C
and a duration of 7 min only slightly affected W. A minimum was found after 30 min
toasting at 118°C. Forsoybeans, aminimum Wof32%wasfound after toasting for 7min
at 118°C. A further increase of processing temperature or time hardly affected W.
Untreated faba beans, peasandsoybeans hadcomparable kd's(4.03,4.84and5.15%/h,
respectively), butthekd oflupins was much higher (9.32%/h). After treatment, differences
in kdof CP between seeds diminished.
An increase of the toasting time slowed down the rate of degradation. Especially at
136°C, prolonged toasting resulted inadrastic decrease ofthekd. Again,faba beans and
peas showed similarities with respect to the effects ofthe processing conditions. Lupins
and soybeans also reacted similarly.
Soybeans had ahigher %UIP thanthe other seeds (28%vs.21%).Toasting at 136°Cfor
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15 min resulted in the highest %UIP for all legume seeds (54, 51, 51 and 43%,
respectively). The effect ofthedifferent processing conditions were numerically larger for
faba beans and for peas than for lupins and soybeans. The quadratic effect of both time
(for all legume seeds) andtemperature (onlyforfaba beans andsoybeans) suggests that
%UIP will approach a maximum close to the tested conditions.
Table 3 Effects of pressure toasting on CP degradation and digestion characteristics of faba beans1.

W

D

(%)

(%)

TDP

IMP

kd
(%/h)

(%)

4.03a

21.4"

DUP

DUP

(%)

(%)

g/kg DM

96.4

85.0e

Treatments2:
untreated
100/7

64.2a
a

61.4 "

100/15

58.2"

100/30

C

118/3

54.4

51.8cd

35.8'
38.6

8f

41.8

e

45.6

d

cd

48.2

ab

3.45

a

26.0

,9h

3.66 "

28.4

efg

3.39a"

30.8s*

3.66

a

118/7

48.6

d

51.4"

118/15

41.2e

58.8"

118/30

e

61.9"

ab

136/3

34.2'

65.8

a

136/7

31.0'

68.7a

136/15

31.3'

69.0

a

SEM

2.54

2.54

38.1

24.5

9h

a

73.4"1

87.5

de

78.29h

96.7

89.6

bcd

87.8'9

96.2

89.0"°*

93.6ef

96.7
96.4

87.8

abcd

3.36 "

33.0

de

96.5

90.4

3.26a"

38.1°*

96.3

91.3abc

C

96.2

abc

3.11 "

43.3

bc

2.53b<:

48.6ab

3.34

a

39.8

a

63.21

cde

102.7°
118.7d
124.6cd

96.4

91.4
92.4*

96.5

93.4a

154.7"

a

175.9a

1.65°

53.9

96.4

94.0

0.14

2.18

0.06

0.58

135.5C

7.42

Treatment day3

NS

NS

NS

NS

NS

NS

NS

Temperature

***
***

***

*
**

NS

Time

***
***

***
**

Time x temp.

NS

NS

Temp, x temp.

-

-

-

*
**
*
**
**

Time x time

NS

NS

+

NS

NS

**
*

-

-

For abbreviations see Table 1.Within columns, different superscripts indicate significant differences (P <0.05,
Tukey's HSD-test).
Codes denote the processing temperature (in °C) and the processing time (in min) e.g.the 100/7 treated seeds
have been toasted for 7 min at 100°C.
NS = P> 0.1; +=P<0.1; *= P<0.05; ** = P<0.01; " * =P< 0.001, - =excluded from themodel.
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Table 4 Effects of pressure toasting on CP degradation and digestion characteristics of peas1

D

W

Treatments2:
untreated

(%)

(%)

kd
(%/h)

62.1 a

37.99

4.84ab

100/7

55.2"

44.8'

5.07

100/15

-

-

-

100/30
118/3
118/7

C

50.8"

C

52.4

e

59.2

d

49.2

47.6

40.8

d

118/15

35.3"

64.7°

118/30

e

C

33.0

67.0

136/3

30.9ef

69.1 1 "

136/7

9

ab

27.2'

9

72.8

TDP

(%)

21.09
24.3'

9

-

4.58

abc
abc

3.87

abc

3.83

abc

3.82

abc

3.36

abc

3.34

bc

2.82

2.44

c

89

28.8 '

def

31.9

cde

36.3

39.7
43.1

cd

bc

44.4

bc

49.6"

DUP

(%)

(%)

g/kg DM

98.3

92.5b

98.6

94.8

-

-

ab

53.89
63.6fg

a

76.4ef9

ab

83.7de'

95.9

a

95.7cde

96.3

a

107.7od

96.9

a

115.7bc

96.5

a

lao.o*

97.1

a

135.2ab

98.6

97.6

a

146.8a

98.6
98.3
98.3
98.4
98.5
98.3
98.4

95.6
95.2

24.6

SEM

2.67

2.67

0.20

2.31

0.04

0.32

6.56

Treatment day3

NS

NS

NS

NS

NS

NS

NS

Temperature

***
**

***
**

**

***
**

NS

**

NS

NS

***
**

NS

53.7

a

DUP

136/15

Time

75.4

a

a

UIP

Time x temp.

NS

NS

NS

NS

NS

NS

NS

Temp x temp.

-

*

-

*

-

-

*

Time x time

For abbreviations see Table 1. Within columns, different superscripts indicate significant differences (P < 0.05,
Tukey's HSD-test).
For treatment codes see Table 3.
For probability levels see Table 3.
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Table 5 Effects of pressure toasting on CP degradation and digestion characteristics of lupins1

D

W

(%)

(%)

ka
(%/h)

UIP

TDP

DUP

DUP

(%)

(%)

(%)

g/kg DM

9.32a

21.2'

98.6a

5.64

31.2"

98.4

a

37.7de

Treatments2:
untreated

47.6a
ab

51.4b

b

100/7

39.7

100/15

37.0ab

63.0ab

4.03bc

100/30

38.1 ab

61.9

ab

bc

118/3

34.0ab

64.5ab

118/7

32.0

b

118/15

30.0"

118/30

b

136/3

28.4

28.7"

60.3

ab

68.0
70.1

a

a

70.9

a

69.9

a

cde

3.50

39.1

4.49bc

38.4de

4.02"°
3.08"=
3.02"°
2.85

c

bcd

40.7
46.3

abcd

47.9

ab

48.8

a

abc

93.8b

72.2'

95.3ab

108.8s

98.2ab

95.6a

131.3de

ab

a

136.0cd

98.1

98.2ab
98.0
97.8

abc

abc

97.3
97.9

bc

abc
abc

95.6

95.8a

134.5cde

95.5

ab

140.0bcd

95.7

a

161.4abc

94.9

ab

165.3ab

96.2

a

171.4a

96.1

a

166.8ab

136/7

31.9ab

66.7ab

2.73°

47.3

136/15

31.4b

67.1 ab

2.07c

51.4a

97.1°

95.0ab

179.9a

SEM

1.36

1.34

0.43

1.88

0.10

0.15

6.68

97.7

Treatment day3

NS

NS

NS

NS

NS

NS

NS

Temperature

*

*

*

NS

NS

***
**

NS

Time

NS

NS

***
**

Time x temp.

NS
+

NS
+

NS

Temp, x temp.
Time x time

-

-

***
***
**
**

**
"

**
~

-

NS

+

For abbreviations see Table 1.Within columns, different superscripts indicate significant differences (P < 0.05,
Tukey's HSD-test).
For treatment codes see Table 3.
For probability levels see Table 3.
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Table 6 Effects of pressure toasting on CP degradation and digestion characteristics of soybeans1.

W

D

UIP

TDP

DUP

DUP

(%)

kd
(%/h)

(%)

(%)

(%)

(%)

g/kg DM

51.5d

5.15a

27.T

95.2bcd

84.4°

102.7d

92.2'

79.4'

1 2 0 2

93.9s

85.3de

142.3bc

cd

162.9ab

bc

162.3ab

Treatments2:
untreated

48.5a
b

420

100/7

41.9

100/15

38.3bc

61.7bc

100/30

35.1

cd

64.9

ab

34.7

0d

65.3

ab

68.3

a

118/3

d

58. r

ab

3.87"°
3.41

bcd
bcd

3.62

bcd

34.2

b

37.5ab
41.4

a

40.8

a
a

94.7

d0

95.3

bcd

95.1

cd

118/7

31.7

3.50

43.2

118/15

34.6cd

65.5ab

3.25bcd

42.5a

96.5a

118/30

34.2cd

65.5ab

3.47bcd

41.9a

96.2abc

35.4

cd

64.2

ab

3.52"="

a

35.7

cd

64.0

ab

136/15

37.8

bc

61.8

bc

SEM

0.99

Treatment day3
Temperature

136/3
136/7

Time
Time x temp.
Temp x temp
Time x time

cd

3.02
2.66

0.98

0.14

+

NS

***
***
***
***
-

***
***
***
***
"

d

40.8
42.9

a

43.3

a

96.4

ab

97.0

a

97.2

a

88.5
89.6

89.8*"

171.1"

92.6ab

176.2a

g 1

gabc

171.3a

g 1

gabc

165.6ab

93.7

a

179.2a

94.1

a

182.7a

1.03

0.31

0.95

NS

NS

NS

NS

NS

**
*

***
**
**
**

...
***
***
***
***

***
***
***
***
***

***
***
**
***
**

NS

-

+

cd

5.43

For abbreviations see Table 1.Within columns, different superscripts indicate significant differences (P < 0.05,
Tukey's HSD-test).
For treatment codes see Table 3.
For probability levels seeTable 3.
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Total protein digestibility (%TDP) of faba beans and peas was not significantly affected
by toasting. Only the %TDP of lupins slightly decreased with increasing processing
temperature. Forsoybeans, there was noconsistent pattern for %TDP after toasting with
temperature or time during toasting.
By increasing the UIP without seriously affecting %TDP, toasting increased DUP.
Goelema et al. (1998b) showed, that rumen degradability of faba beans and pea starch
also decreased after toasting. As a results, the amount of rumen fermentable organic
matter for microbial protein synthesis substantially decreased after toasting. Despite this
reduction, the protein valueoflegume seeds,asdenoted bythe DVE(Table7)increased.
The maximal increments in DVE were found after toasting for 15 min at 136°C. The
increases were 71% forsoybeans, 76%for lupins, 80%forpeas and 91% forfaba beans.
Concomitantly with the increase of DVE, the rumen degradable protein balance (OEB)
decreased, which implies ashift from rumen degradation to intestinal digestion ofprotein.
Forfaba beans, peas andsoybeans, DVEwas quadratically affected bytemperature and
time, while both parameters showed interaction as well, except for peas. For lupins,
temperature related linearly to DVE, while for processing time the relation tended to be
quadratic.
Solubility
Table 8shows the results ofthe Nfilter solubility (FS) andthe %UIP values based onFS
and W. FS decreased after toasting for 15 min at 136°C, which is consistent with the
change ofW. FSwas always lower than W (on average 31% for untreated and 40% for
toasted seeds), which indicates that small, insoluble Ncontaining particles have left the
nylon bags during washing. Assuming that only FS (instead of W) was immediately
available for fermentation resulted in a higher %UIP, especially for soybeans.
The particle loss also affected the effect oftoasting on %UIP. Based on FS,the effect of
toasting on %UIP remained the same for peas, but for faba beans, lupins and soybeans
the effect on %UIP increased with 5.5, 6.8 and 12.1 % units, respectively.
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Table 7 Effects of pressure toasting on the protein value of faba beans, peas, lupins and soybeans1.

Faba beans

Treatments2:
untreated
100/7

DVE

OEB

DVE

OEB

DVE

OEB

108.9h
122.79

147.3"
130.4"b
130.7"b
123.3"
116.7"°
113.0"cd
100.5cde

107.2"
119.4gh

95.0"
83.2""

141.7"
105.7"

136.3d
167.3°

201.9"

-

-

129.9,gh
134.0"'9
144.5d"'
155.0cd"
161.1"°d

75.5bc
70.3"°d
61.1 cde
57.2d"
49.0"'

132.6'
168.9"
189.8*
193.3°d
194.0°d
198.4"°d

190.1"°
209.2""
211.3""
217.8"

168.0"°
180.4""

44.2"'
34.1' 9
22.89
4.76

49.8"
57.5°d"
44.4"
6.05

215.6"
228.8"

193.1"
5.84

216.2""°
218.1""
226.3"
220.7""
232.8"
6.13

84.1"C
79.8°°d
81.1 bcd
71.6cds
57.7°**
53.7de

NS

NS

NS

NS

NS

NS

NS
+

NS

NS

*

NS

***
*

**
*

*
**
-

NS

**
*
-

NS

-

NS
+

***
**
**
**

+

+

***
***
**
***
**

136/15
SEM

173.2C
189.9b
208.2"
6.34

82.3"'
70.8'9
59.79
5.73

Treatment day3

NS

NS

136/3
136/7

Temperature

NS

Time

*
*
***

Time x temp.
Temp, x temp.
Time x time

Soybeans

OEB

96.1 a "

118/15
118/30

Lupins

DVE

124.2'9
134.6"'
136.7"
144.9"
156.3d
162.0cd

100/15
100/30
118/3
118/7

Peas

*
+

225.3"
219.2"

232.4"
6.19

152.8"
139.0"°
124.1°
123.9°
115.1°
118.9°
121.5°
121.6°
115.5°
115.6°
5.47

+

Intestinal absorbable protein (DVE,ing/kg DM)and rumendegradable protein balance (OEB,ing/kg DM).Within
columns, different superscripts indicate significant differences (P <0.05, Tukey's HSD-test).
For treatment codes see Table 3.
For probability levels see Table 3.
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Discussion
Chemical composition and in situdegradability
Thechemical composition oftheuntreated seeds (Table 1)was inagreement withtabular
values (CVB, 1998) and those reported in other studies (Dixon and Hosking, 1992;
Goelema et al., 1998a). Toasting affected neither protein nor starch content (results not
shown) of the seeds.
Thefraction UIPofuntreated fababeans,peas,lupins andsoybeans was low,and ranged
from 2 1 %(peas) to 29.4% (soybeans). The 100°C/15 min treatment for peas was not
incubated, which is the reason for the missing results for this treatment. The total tract
protein digestibility of these legume seeds was high, ranging from 95%for soybeans to
99% for lupins. These results were consistent with other studies (Sampath, 1987;
Tamminga etal., 1990;Aguilera etal., 1992;Antoniewicz etal., 1992;Dixon andHosking,
1992; Kandylis and Nikokyris, 1997;Goelema etal., 1998a). Some studies reported lower
values for%UIP, such as 11%forfaba beans (Cros etal., 1991; Yu etal., 1998), 5%and
12% for peas (Cros et al., 1991; Walhain et al., 1992) and 7% and 15% for lupins
(Kibelolaud et al., 1993; Murphy etal., 1994). Innearly allcases,thedifferences could be
attributed to a smaller grinding size (0.8 mm vs. 3.0 mm in our study) and a larger pore
size (43-46 jjm vs. 40 //m), or both, resulting in higher values for W and kdthan in our
study. Higher literature values for %UIP of lupins, faba beans and peas were reported in
studies where rumen incubations were carried out with a larger particle size (Dixon and
Hosking, 1992; Singh etal., 1995).
The high rumen proteindegradability ofpeas andfababeans isrelated tothe composition
ofthe protein in legume seeds (Van Straalen andTamminga, 1990). Based on solubility,
storage proteins can beclassified intoalbumins, globulins, prolamins andglutelins which
are soluble in water, salt solutions, aqueous ethanol solutions and in alkaline solutions,
respectively.
Infaba beans, peas, lupins and soybeans, albumins andglobulins account for morethan
85% of total protein (Kinsella, 1979; Casey et al., 1982; Carrouee and Gatel, 1995). In
Lupinus angustifolius,the glutelin fraction accounts for 12-17% ofthe protein (Hill, 1977;
Varasundharosoth and Barnes, 1985), which is higher than in other seeds. Several
studies, however, showed that there is a large genetic, an environment-dependent and
a seasonal variability in protein fractions (Casey et al., 1982; Sosulski et al., 1985), so

96

Chapter 3

these figures are only indicative.
In our study, the W and FS of protein (Table 8) was very high, especially for peas and
faba beans. This was in agreement with other results (Tamminga et al., 1990). Both W
and FS (Table 8) of untreated legume seeds largely exceeded the contribution of the
water-soluble albuminfraction intheseseeds.Thewater-soluble fraction contains notonly
soluble protein, but also soluble non-protein N, such as free amino acids, citrulline, raminobutyricacid(Wiewiorowsky, 1958).Moreover, physicaldamageduringgrinding may
have solubilized and washed out part of the protein which was initially enclosed by the
starch orcell-wall fraction.Additionally, someglobulins aresoluble inwater atpHof7,as
demonstrated for lupin conglutin-or by Bladgrove and Gillespie (1975).
The different sedimentation behaviour during ultracentrifugation (Millerd et al., 1975;
Quillien et al., 1995) is also frequently used to discriminate between the different protein
fractions. The sedimentation coefficients are expressed in Svedberg units (S). Most
legume seed proteins consist of7S and 11S globulins. The 7Sglobulin fractions of peas
and soybean meal are more easily degraded thanthe 11Sfraction (Aufrere et al., 1994).
Inaprevious study Aufrereetal. (1992) showed thatthe basicsubunits ofthe 11S protein
fraction of soybean meal were not degraded, and the acid subunits only very slowly. For
peas, the protein fraction most resistant to rumen degradation comprised both basic and
acid 11S protein fractions. Pernollet and Mosse (1983) hypothesized that this was due to
the different storage systems (reticular vs. vacuolar). The larger number of disulfide
bridges and the higher molecular weight ofthe 11Sfraction (Derbyshire et al., 1976) may
be another important explanation for the lower in situ degradability compared to the 7S
fraction. This agreed with results ofaninvitrostudy byMahadevan etal. (1980),who also
concluded that the presence of disulfide bonds is an important factor explaining
differences in resistance to rumen protein degradation.
Effects ofpressure toasting on in situdisappearance
There was good agreement on the effects of pressure toasting on the W, kdand %UIP
between faba beans and peas and between lupins and soybeans. Differences in
sensitivity to heat treatment of legume seeds was previously observed using autoclaving
(Aguilera et al.,1992), dry and moist heat treatment (Sommer et al., 1994) and pressure
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toasting (Goelema et al., 1998a).
In numerous studies, various heat treatments (oven-drying; autoclaving; roasting,
extrusion, expander treatment, micronization) showed to be effective in decreasing the
rumen degradability of several protein sources (see e.g.Arieli et al., 1989, Benchaar et
al., 1994; Mostaghi Nia and Ingalls, 1995; Wang et al., 1997). However, only a few of
them studied the effects of time and temperature during heat treatment on protein
degradability to identify optimal conditions (Faldet et al., 1991). Optimal conditions are
usually defined as those which result inthe maximum supply of UIP (Arieli et al., 1989;
Yu et al., 1998), and intestinal digestible undegraded intake protein or amino acids
(Aldrich et al., 1995; Schroeder et al., 1995).
Pressure toasting decreased both the W and the kdof CP in legume seeds. This was in
agreement with results of studies after autoclaving (Aguilera et al., 1992), roasting
(Robinson and McNiven, 1993, Hsu and Satter, 1995; Yu et al., 1998) and pressure
toasting (Goelema et al., 1998a). Heat treatments differ inthe way energy is transferred
to the material. The latter occurs via electric heating in oven-drying, by using aflame in
roasting, by steam at different pressure during autoclaving and pressure toasting or by
combinations of heat, pressure and shear in for instance extrusion and expander
processing. So, widely different chemical and physical processes are involved in the
reduction of rumen protein degradability. Sommer et al. (1994) reported that heat
treatment with steam was more effective inreducing Nsolubility than dry heat treatment.
Information inliterature istoovariable onthis particular subject todraw conclusions about
the mechanisms and effectiveness of the different types of treatment.
An increasing temperature and/or time during processing usually leads toan incremental
depression of rumen degradability (Satter, 1986). Some specific proteins, however, may
give opposite effects, asshown byAldrich etal. (1995).These authors foundthat roasting
soybeans for 30 min at 141°C decreased rumen protein degradability compared to the
untreated beans, but at 149° and 157°C it increased again. As shown in the present
study, treatments at 100°C require longer processing timestoobtainsignificant increases
of %UIP or the amount of intestinal digestible UIP, compared to higher temperatures.
McMeniman and Armstrong (1979) showed that heating faba beans for 24 h in a forced
airoven at 105°C hadnoeffect onpostruminal delivery ofamino acids, although lowfeed
intake (4.5 kg DM/day, 37% hay) may also have played a role in the failure to obtain
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significant in vivo effects. Roasting lupins for 1min at 105°C on the other hand did not
affect growth performance in beef steers in a study by Murphy and McNiven (1994). In
dairy cows, however, it increased milk production and thereby protein, fat and lactose
production in dairy cows (Singh et al., 1995).
Studies in literature on roasting of faba beans (Yu et al., 1998) and soybeans (Hsu and
Satter, 1995) were ingood agreement with our results. For faba beans, Yu et al. (1998)
found that W slightly increased after roasting at 110°C, but subsequently decreased with
increasing processing time ortemperature. Thekd was especially affected by treatments
at temperatures ^ 130°C during toasting (in the present study) or roasting (Yu et al.,
1998). Intheir study, UIPincreased from 11.3%to43%after roastingfor45minat 150°C.
Denaturation andsolubility ofprotein arenotalways inversely related. Denatured proteins
canbesoluble (Hermansson, 1979)anddenaturation of11Ssoy proteins mayleadtothe
formation of soluble fractions (Wolf and Tamura, 1969; Kinsella, 1979). These authors
showed that, upon heating at 100°C, the 11S soy protein fractions converts into a fast
sedimenting fraction and a slow sedimenting fraction of4S. Prolonged heating stabilized
the soluble aggregate, followed by the formation of disulfide bonds which results in
precipitation of the larger insoluble aggregate (Marsman, 1998). These results are in
agreement with our results for soybeans. Although it has not been reported yet for other
legumes, ourdatafor lupins anddatabyYuetal.(1998)forfaba beans strongly supports
the hypothesis that this might happen for other legume seeds as well.
In the present experiment a strong positive linear relation was found between the
degradation characteristics of protein (as described in the present paper) and starch
(Goelema et al., 1998b). FortheW,thekd andthe rumen undegradable fraction ofCPand
starch, the correlation coefficients (r) were 0.97 (P <,0.0001), 0.52 (P <,0.0001) and
0.97 (P < 0.0001), respectively. Thiswas consistent with previous results for W and the
rumen undegradable fraction after toasting for 3min at 132°C (Goelema et al.,1998a). In
that study, values for r were 0.99 and 0.94 (P <,0.0001), respectively. These results
suggest that heat processing results intheformation ofcomplexes ofprotein andstarch.
Because of size difference, it may be more difficult to solubilize or wash out these
complexes. Moreover, the decreased surface to volume ratio may have reduced
accessibility for rumen microbes, which in turn contributes to the lowerkd.
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For soybeans, the decrease in FS was more pronounced then the change in W after
toasting. Thein situ incubations and solubility measurements were carried outwith fullfat
soybeans. The highfat content ofthese seeds (19.8%) has probably interfered with level
of W and, due to the mild nature of the method, especially of FS.
Usingthesoluble proteinfraction insteadofthewashable proteinfraction increased %UIP,
especially for the toasted legume seeds. Consequently, the effect of the treatment
(136°C/15 min) on %UIP increased.
Toasting did not negatively affect the %TDP, which means that the treatment did not
result inthe formation of indigestible products. Goelema et al. (1998a) showed, that after
pressure toasting for 3min at 132°C,thefraction ofacid detergent insoluble Nvalues for
lupins increased from 1%to only 1.4% of total feed protein. This is consistent with the
significant decrease of%TDP for lupins inthe present study, which may berelated tothe
relatively high neutral detergent fibre content of lupins. The higher intestinal
disappearance of %UIP of extruded lupins (Benchaar et al., 1991) suggests, that during
extrusion other mechanisms are involved inthestructural changes ofproteins thanduring
toasting.
Qin et al. (1998) showed, that pressure toasting for 10 min at 136°C considerably
decreased the 1-fluor-2,4-dinitrobenzene reactive (FDNB) lysine content of Argentine
soybeans by 16% (from 19.3 to 16.2 g/kg), while in Chinese soybeans, a 7% decrease
was found (from 17.4 to 16.2 g/kg). After treatment at 100°C or 118°C, no changes in
FDNB lysine were observed. For lupins and rapeseed, toasting for 1.5 min at 130°C did
notalter FDNB lysine (Goelema, unpublished). Gralaetal.(1994), however, found drastic
decreases of FDNB lysine after toasting defatted rapeseed cake for 10 min at 100 and
120°C. These results indicate that partoftheprotein hasbecome nutritionally unavailable
after treatment at 136°C, although this was not observed in %TDP. Hurrel et al. (1976),
however, demonstrated that lysine isopeptides in heated chicken muscle were in vivoas
digestible as total N, total lysine and FDNB reactive lysine in rats.
Proteinvalues
Taking intoaccount the discrepancy between W and FSas representation forthe readily
available fraction, increments of protein values may be even larger. When part of the
protein has become nutritionally unavailable, aquestion which cannot beanswered from
the results of this study, the beneficial effects of toasting may be reduced.
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Regarding the relatively lowcostsfor processing (Melcion andVan der Poel, 1993),itwas
concluded that pressure toasting is an economical way to improve the protein value of
these legume seeds.
Conclusions
Pressure toasting was effective in shifting the actual protein digestion from the rumen to
the intestines, thus increased DVE values, ranging from 71% for soybeans to 91% for
faba beans. The effects were due todecreases ofW and kd, without negatively affecting
the intestinal digestibility of toasted seeds. Toasting for 15 min at 136°C resulted in the
largest response in %UIP, DUP and DVE. For faba beans and peas, increasing
processing time after toasting at 118°C or 136°C results in larger increments for %UIP,
DUP and DVE than for lupins and soybeans. The latter seeds seemed to approach
maximum for the parameters observed.
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Effect of Various Conditions during Pressure Toasting on Rumen Degradability
and Intestinal Digestibility of Faba Beans, Peas, Lupins and Soybeans
2. Laboratory measurements for protein
J.O. Goelema, M.R. Roth, C. Steendam and H. Boer

Abstract
Effects of processing temperature and time oftoasting were studied on insitu degradability and digestibility
of protein in faba beans (Vicia faba cv. Alfred), peas {Pisum sativum), lupins {Lupinus angustifolius) and
soybeans (Glycine max.) were studied. The results of in situ incubations were compared with laboratory
measurements. Proteindispersibility index(PDI)anddenaturation enthalpy according todifferential scanning
calorimetry (DSC) were used to determine effects of pressure toasting on protein denaturation. Dry and wet
sieve analyses were used to characterize particle size distribution.
For all legume seeds, PDI significantly decreased after pressure toasting. Differences in PDI due to
processing conditions, however, differed between legume seeds.The untreated legume seeds hadasimilar
denaturation enthalpy (tfHlol). After toasting, the residual enthalpy decreased. For lupins and soybeans, two
distinct endothermic transition peaks were observed, which were attributable to the 7S and 11S protein
fractions in these seeds. For faba beans and peas, only one peak was observed. The first peak in lupins
and soybeans was more sensitive to pressure toasting than the second one. The first peak disappeared
after intermediate toasting conditions, whereas the second peak was only completely denatured after 15
min toasting at 136°C.
The lowest PDI and <5Htolvalues coincided with the highest values forthe intestinally digestible undegraded
protein (DUP) concentration. Based on linear regression, DUP could bepredicted very well from PDI,except
for lupins, where itfailed todiscriminate the differences in DUP due to processing conditions. The <JHtolwas
morediscriminating than PDIathigher DUPvalues. For lupins andsoybeans, differences between observed
and predicted values were larger for untreated and mild toasting treatments, even though mean prediction
errors for DUP were only 10%.
There were only small differences ininvitro protein digestibility (IVPD) duetopressure toasting. Only severe
toasting decreased IVPDfor peas and lupins. Correlations of IVPDand insitu intestinal digestibility and total
tract protein digestibility (%TDP) were poor. A significant positive correlation of IVPD was only found with
%TDP (r = 0.80, P<; 0.0001) for lupins.
Results of wet sieve analysis indicated that ground toasted legume seeds had a larger apparent mean N
particle size than untoasted seeds, which coincided with a decreased rumen protein degradability.
It was concluded that PDI and <5Htot are useful indicators for protein denaturation, which can be used to
evaluate effects on DUP after pressure toasting.

Laboratory measurements for protein

The IVPD, however, failed to discriminate between in situ digestibility of untreated and pressure toasted
legume seeds in general, but could be used to evaluate effects on %TDP for lupins.
Key words: Pressure toasting, Differential scanning calorimetry, Protein dispersibility, In vitro digestibility

Introduction
Effects of heat treatments on rumen undegraded intake protein (UIP) are usually
evaluated using the insitu nylon bag method (0rskov and McDonald, 1979; Mehrez and
0rskov, 1977).Themobile nylon bagtechnique (Hvelplund etal., 1992) isgenerally used
to measure intestinal digestion of undegraded feed protein (Erasmus etal., 1994). Both
methods are labour-intensive and expensive because of long incubation periods and the
requirement for cannulated animals. Therefore, development of rapid, cheap and reliable
laboratory methods for these measurements is of great importance.
Laboratory methods, such as incubation with rumen fluid (Broderick, 1987) or proteolytic
enzymes have been used to study rumen protein degradability (Poos-Floyd et al., 1985;
Aufrere and Cartailler, 1988). The method of Aufrere and Cartailler (1988) involves the
incubation offeed samples with aprotease from Streptomycesgriseus.This method was
used successfully toevaluate the rumen protein degradability ofvarious protein sources
(Aufrere et al., 1991; Cone et al., 1996), but failed to identify differences in protein
degradability oflegume seeds after pressure toasting (Feiletal., 1996). Incubation offeed
with pepsin and pancreatin can beused to measure invitro protein digestibility (IVPD) of
pig feeds (Babinszky et al., 1990), and the in vitro protein digestibility of rumen
undegraded protein in dairy cows (Antoniewicz et al., 1992).
Processing mayaffect the particle size ofprocessed feeds.This isobvious fortreatments
which involve shear forces, such asflaking, expander treatment, extrusion and pelleting.
Hsu and Satter (1995) showed that the protein dispersibility index (PDI), which is an
indicator for protein denaturation, was a useful parameter forevaluating heat damage of
proteins. Goelema et al. (1998a) observed thatthe decreased insitu protein degradability
after pressure toasting was associated with a decreased PDI.
Differential scanning calorimetry (DSC) has proved to be a suitable tool to study phase
transitions, such as the denaturation of proteins (Arntfield and Murray, 1981; Wright,
1982). The technique provides the temperature of denaturation (Tp) and the enthalpy
change associated with the transition (<5H). The «5Hvalue represents a combination of
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exothermic reactions suchasthose associated withdisruption ofhydrophobic interactions
and aggregation of the molecule, and of the endothermic contributions of disruption of
nitrogen bonds and unfolding of the polypeptide chains (Wright, 1982). No studies are
known where effects of heat treatment on protein degradation are evaluated with DSC.
An experiment was conducted to study the effects of temperature and residence time
during pressure toasting ontherumendegradability andtheintestinal digestibility ofpeas,
lupins, and faba beans.
Ina previous paper, effects of pressure toasting onprotein degradability and digestibility
of were described (Goelema et al., 1998b). In the present paper, effects on DSC, PDI,
IVPD, and particle size are presented, and compared with insitu parameters for protein.
Materials and methods
Samples andtreatments
Faba beans (Viciafaba cv. Alfred), peas (Pisumsativum), lupins (Lupinusangustifolius)
and soybeans (Glycinemax.)were obtained from acommercial supplier. Theseeds were
toasted at 100°C for 7, 15 or 30 min; at 118°C for 3, 7, 15 or 30 min, or at 136°C for 3,
7 or 15 min, as described by Goelema et al. (1998b). After toasting the samples were
dried in a forced-air oven for 16 h at 35°C. Untreated seeds were used as controls. All
samples were ground over a 3 mm screen (Retsch centrifugal mill) prior to rumen
incubation.
Insitu incubations and laboratoryanalyses
in situ rumen incubations and intestinal protein digestibility of rumen undegraded protein
were measured as described by Goelema et al. (1998b).
Chemical analyses were carried out as described by Goelema et al. (1998b) using
samples ground over a 1 mm screen (Retsch centrifugal mill). PDI was determined
according to a modified AACC method 46-24 procedure, as described by Thomas etal.
(1997).
The denaturation enthalpy (<5H)is a measure for the amount of native protein present in
the sample. Thus, adifference in«JH between toasted and untreated samples represents
the degree of denaturation due to the heat treatment. Denaturation enthalpy (<JH)of the
samples was determined by DSC in duplicate, using a Mettler-Toledo DSC12-E, as
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described by Thomas et al.(1998). Onset (T0), peak (Tp)and endset temperature (Te) of
the denaturation peaks were determined as described by Wright (1982) (Figure 1).
Enthalpy was calculated by integration of the peak surface (from T0 to Te), using the
Mettler system TA89E software package.
IVPD was determined according to a modified procedure of Babinszky et al. (1990).
Samples were incubated with pepsin-hydrochloric acid solution (pH 1.0) at40°C for 1h.
After neutralization with sodium bicarbonate, incubation is continued (40°C, 1h) with
potassium phosphate buffer (pH6.8) containing pigpancreatin, a-amylase, lipase andbile
salts. Following incubation, ahydrochloric acid/acetic acid solution was added tostop the
reaction. The undissolved material was then filtered through a scintered-glass filter
crucible, which was fitted with a layer of N-free ashless floe (Whatman 1704-010). After
washing (3 x, demineralized water), the undigested residue and floewere brought into a
Kjeldahl flask for determination ofthe indigestible Ncontent bythe Kjeldahl method. The
digestible N-content was calculated by subtracting the indigestible Ncontent from the N
content of the sample before digestion.

P

'e

— » • sampletemperature ( ° C )

Figure 1

Differential scanning calorimetry thermogram with associated parameters (modified
from D.J. Wright (1984), endothermic heat flow upwards).
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Particle size distribution of the 3 mm ground samples, used for in situ incubations, was
determined bywet and dry sieve analysis (Retsch AS 200), asdescribed byGoelema et
al. (1999). Only the untreated seeds and those toasted for 15 min at 136°C were
analyzed. Sieve fractions were analyzed for DMand Nandwere expressed as afraction
ofthesample N.Ifsievefractions were insufficient foranalysis, samples were pooledwith
the other fractions. The fraction < 71 //m after wet sieve analysis was calculated by
subtraction. Forwet sieve analysis, the filter solubility procedure (Weisbjerg etal., 1990)
was used to divide the fraction < 71//m into a ('soluble') fraction < 8//m and a fraction
of particles between 8and 71//m. The distribution of Nover the (pooled) sieve fractions
was used to calculate an apparent mean N particle size (X50N), using the logarithmic
normal distribution as described by Waldo et al. (1971). Using the mean Ncontent and
the pooled fraction had very little effect on the X50N compared to using the mean N
content for the individual small fractions.
Statisticalanalysis
Analysis of variance was conducted using the General Linear Models (GLM) procedure
of SAS (SAS, 1989) with equation 1.Treatment means were compared pairwise using
Tukey's HSD-test (P =£0.05).
Yjj

= / / +Treatment; + Dj + eti,

(1)

where, Y^isthe dependent variable under examination (<JH,T0,Tp,Te, PDI, IVPD),// the
overall mean, treatment^ the treatment effect (i=1 - 11), Djthe treatment day effect (j= 1.
2) and e-(i the residual error term. Regression analysis was carried out with Proc REG
(SAS, 1989), after omitting the untreated controls from the dataset. Linear and quadratic
effects of temperature and time were evaluated, as well as the interaction of time and
temperature, as described by Goelema et al. (1999). For regression, processing
temperature was linearly transformed into increments from 100°C (i.e. 0, 18 or 36). If
possible,modelswere reducedincomplexity byexcluding non-significant quadratic effects
(P>0.10). Pearson correlation coefficients were calculated with ProcCORR (SAS, 1989).
Linear regression (SAS, 1989) was used to evaluate the prediction of the amount of
intestinal digestible rumen undegraded protein fraction (DUP) based onthe denaturation
parameters <JHor PDI, and the digestibility of rumen undegraded protein (UIP) in the

Laboratory measurements for protein

111

intestines (%DUP), orthe totaltract protein digestibility (%TDP) from IVPD (equation 2).
PREDB

= a + BOBS;+ e„

(2)

where, PRED is the predicted value of the variable under examination, a the intercept,
OBS the observed value, Bthe slope, and e^the residual error term (i= 1,2, ... n;j=1, 2).
Predictive valueswerecompared withobserved values usingthemeansquared prediction
error (MSPE, equation 3) according to Bibby and Toutenburg (1977).
MSPE

= Z ( OBS; - PRED, f I n

(3)

The square root of the MSPE was expressed as a proportion of the observed mean
(MPE), and decomposed intoerrors incentral tendency (bias,thedifference between the
predicted and the measured mean), errors due to regression (i.e. deviation of the
regression slope from one), and errors due to disturbances.
Table 1 List of abbreviations used in the paper.
Abbreviation Parameter
DSC

differential scanning calorimetry

DUP
DVE
<5H
IVPD
k0
PDI
SEM
TDP
T0
Te
Tp
UIP

intestinal digestible UIP, as % of UIP
intestinal absorbable true protein, in g/kg DM
DSC denaturation enthalpy (J/gCP)
in vitro protein digestibility (%)
fractional rate of rumen degradation (%/h)
protein dispersibility index (in%)
standard error of the mean
total tract digestibility of crude protein (in%)
onset temperature of the DSC denaturation peak (°C)
endset temperature of the DSC denaturation peak (°C)
DSC denaturation peak temperature (°C)
rumen undegraded intake protein, as % ofCP

W
X50N

washable fraction (%)
apparent mean N particle size (jum)
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Results
Protein dispersibility index (PDI)and in vitroprotein digestibility(IVPD)
Table 1gives anoverview ofthe abbreviations used inthe paper. Table 2shows the PDI
and IVPD for faba beans, peas, lupins and soybeans. The PDI of untreated faba beans
and peaswas similar (87.1% and84.5%, respectively), but higher thanfor lupins (38.4%)
and soybeans (69.4%). Forfaba beans and peas, PDI linearly decreased with increasing
toasting time ortemperature. Untreated faba beans and peas had acomparable PDI,but
toasting at 100CC and 118°C resulted in a lower PDI for peas. After toasting at 136°C,
however, values for PDI offaba beans and peas were similar. Forfaba beans and peas,
the smallest PDI coincided with the highest values for %UIP, and was observed after
toasting for 15 min at 136°C.
For lupins, toasting reduced the PDI, but the differences between treatment conditions
were small compared with the other seeds. For lupins and soybeans, PDI showed a
quadratic response totreatment temperature andtime, aswell asan interaction between
these parameters.
The IVPD of peas, lupins and soybeans was significantly higher (95.0%, 95.1%and
93.2%, respectively) than for faba beans (83%, Table 2). For faba beans, pairwise
comparisons oftreatments on IVPDwere never significant. Regression analysis revealed
a quadratic response to temperature as well as a significant interaction between
processing temperature and time. Severe toasting decreased the IVPD for peas and
lupins. Processing temperature linearly decreased IVPD for peas, while for lupins there
was a quadratic effect of temperature, as well as an interaction between toasting
temperature and time. For soybeans, changes in IVPD due to different processing
conditions were rather small.
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Table 2 Effects of pressure toasting on protein dispersibility index (PDI) and in vitro protein digestibility
(IVPD) of faba beans, peas, lupins, and soybeans1.

PDI (%)

Treatments
untreated

IVPD (%)

Faba beans Peas

Lupins Soybeans

Faba beans Peas

87.1 a

84.5a

38.4a

83.0

b

b

b

45.4"

90.0

94.0

15.7°

34.6C

88.4

93.4abc 93.6ab

94.7ab

150cde

23.5d

84.8

93.0abc 93.6ab

94.9ab

Lupins Soybeans

2

100/7

74.2

100/15

71.7bc

61. r

100/30

70.5°

55.9d

67.1

d

d

57.5

e

118/3
118/7

65.5

52.0
39.4

e

118/15

39.5'

24.7'

118/30

19.7

h

9

136/3
136/7

17.4

15.3

cd
d

14.3 "
e

13.9

8

69.4a

25.8"
e

15.9

6

11.5 '

82.6
84.3
85.1

95.0a
ab

93.4

abc

92.7

bc

92.2

bc
bc

95.1 a
ab

94.1

92.6°

a

94.5ab0

a

94.8ab

ab

93.6abc

bc

94.9ab

94.8
94.1

93.2bc

94.0

18.5

13.8

10.4'

84.3

92.2

24.4g

19.9°

14.6cde 11.0ef

83.0

92.3bc

94.3ab

1

9

82.4

g27bc

ab

95.3a

C

16.3

17.4

11.4

6

93.5

17.6

15.5

12.5 '

86.0

91.4

91.4

93.6abc

SEM

5.57

4.91

1.48

3.99

0.76

0.22

0.24

0.20

Treatment day3

NS

NS

**

NS

NS

NS

..

NS

Temperature

***
*

***
*

***
***
***
***
**

**
*
*
*

*

**

NS

NS

NS
+

NS

-

***
***

-

"

"

"

Temp, x time

+

NS

Temp, x temp.

~

-

Time x time

1

2

3

•

***
**
***
***

C

93.4abc

16.3

1

cd

ef

136/15

Time

9

1 4 gcde

92.6

NS

For abbreviations see Table 1.Within columns, different superscripts indicate significant differences (P < 0.05,
Tukey's HSD-test).
Codes denote the processing temperature (in °C) and the processing time (in min) e.g. the 100/7 treated seeds
have been toasted for 7 min at 100°C.
Probabilities: NS=P>0.1; +=P< 0.1; *=P £ 0.05; " =P £ 0.01; ***=P < 0.001, -:excluded fromthemodel.
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DSC denaturationcharacteristics
Toasting significantly affected the DSC denaturation characteristics ofthe legume seeds
(Tables 3, 4, 5). For faba beans and peas, one protein denaturation peak was found
(Table 3),while for lupins (Table 4) and soybeans (Table 5), two peaks were observed.
Denaturation enthalpy (in case of lupins and soybeans the sum ofthetwo peaks) ranged
from 3.7 J/g CP (peas) to 4.9 J/g CP (soybeans). The enthalpy of the two endothermic
peaks of lupins is similar, while the first peak of soybeans had a lower enthalpy than the
second one.
After toasting, onset temperature (T0)and peak temperature (Tp) (figure 1)offaba beans
and peas increased (Table 3),while denaturation enthalpy (<JHtot)decreased. The endset
temperature (Te) of faba beans was not affect by toasting, but for peas Te linearly
decreased with increasing toasting temperature and tended to decrease with longer
processing time. For faba beans, processing temperature was linearly related to <yHt0„
while the relation with time was quadratic. For peas, both temperature and time during
processing showed a tendency to a quadratic effect for«5H.
Thetwo protein fractions, represented bythetwo peaks in lupins and soybeans, showed
asimilar sensitivity topressure toasting. Thefirst peak oflupins andsoybeans completely
disappeared after toasting at 118°C for 15and 7 min, respectively, while the size of the
second peak decreased only after more intensive toasting treatments. For lupins, <JH2
decreased after toasting at 118°C for 15min,and completely disappeared after toasting
for 15 min at 136°C. For soybeans, <5Htotdecreased particularly after toasting at 136°C,
and similar to lupins, it (almost) completely disappeared after 15 min oftoasting.
Changes in T0 and Tp after toasting were smaller for lupins and soybeans than for the
other seeds. For lupins, T01and To2decreased after toasting, while Te1,Tp1 and Tp2were
only slightly affected. For soybeans, increasing processing time increased T01 and To2
after toasting at 100°C, but at higher temperatures, To2decreased. The Te1of soybeans
showed apositive linear response to increasing toasting time and temperature, whileTe2
oftoasted soybeans was unaffected bythetreatment conditions. For lupins, 6H: showed
alinear response toincreased toasting temperature, andatendency forlinearity withtime.
The denaturation enthalpy of both endothermic peaks of soybeans was quadratically
related to processing temperature and time.
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Table 3 Effects of pressure toasting on DSC denaturation characteristics of faba beans and peas 1 .

Peas

Faba beans

T0

TP
°C

°C

T.

*H«

°C

J/g CP

T0
°C

103.2

4.3 a

79.0 de

102.5

4.5

a
ab

TP
°C

Te

<JHtol

°C

J/gCP

Treatments 2
untreated
100/7

81.1d
80.7

d
d

91.6 abc
90.6

bc

90.7

bc

77.8

e

78.5

de

101.7

3.7a

88.1

b

101.5

2.3ab

87.9

b

91.4 a b

100/15

81.4

103.4

3.9

102.6

"l.gbc

100/30

82.2 c d

90.1c

103.3

3.0 bc

79.9 de

87.2"

99.7

1.4cde

118/3

81.4°

91.1 a b c

103.4

3.3*

81.4 cd

88.1b

101.5

A ybcd

bc

94.0"

82.6

bcd

84.6

ab

118/30

86.4

a

136/3

g43abc

136/7

85.3 a

93.9 a

118/7
118/15

91.0

abc

92.0

abc

93.4

ab

93.2

ab

103.1

2.5

C

1.6

d

1.0

d

102.4

1.4

d

103.8

0.8**

103.7
101.9

84.4

85.3"
86.2

ab

85.9

ab

101.1

0.4 cde

94.4

a

99.8

0.4 cde

95.2

a

99.5

0.3 de

95.4

a

99.5

Q 4 cde

89.1a

95.4 a

100.2

e

ND

ND

ND

or
oe

136/15

ND

ND

ND

0

SEM

0.44

0.31

0.26

0.32

0.87

0.80

0.31

0.25

Treatment day : NS

NS

NS

NS

+

NS

NS

NS

NS

***
*

*

NS

***
***

*

NS

NS

+

**
*

**
*

NS

NS

NS

Temp, x temp.

***
*
*
-

NS

-

-

*
-

-

Time x time

+

**

Temperature
Time
Temp, x time

NS

NS
+
+

"
For abbreviations see Table 1. Within columns, different superscripts indicate significant differences (P < 0.05,
Tukey's HSD-test). ND: not detected.
For treatment codes see Table 2.
For significance levels see Table 2.
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Table 4 Effects of pressure toasting on denaturation characteristics of lupins1.

T„,
°C
Treatments2
untreated

82.1 a
81.6

a

80.5

ab

100/30

79.2

b

118/3

81.V

100/7
100/15

118/7
118/15
118/30
136/3
136/7

a

81.5
ND
ND
ND
ND

TP,
°C

T„

<5H,

To2

"C

J/gCP

"C

90.5

98.1

2.1 a

98.1 a

98.1

a

a

90.8
91.2

97.5

2.0

a

1.9

ab

98.1

ND
ND

ND
ND

0

4.1 a

116.1

1.8

a

3.9ab

a

3.7abc

106.2

115.3

1.8a

115.1

1.9

a

27

1.9

a

1.9d

1.7

a

1.7ae

a

1.9a

0.8"

ND

1.9a

105.9

a

ND

115.2

1.6a

97.7a
97.8
96.5

106.6

114.7

1.6a

C

J/gCP

105.9

97.7

0

J/g CP

1.8

91.0

ND

°C

114.9

97.2

ND

<*H10t

106.0

1.5

C

<5H2

a

97.5

97.2
97.8

Te2

a

91.0
90.7

TP2
°C

ab

94.0"

105.9
105.8
105.9

114.7
115.1

3.0bc
3.3abc
cd

C

96.0

ab

105.6

115.3

1.9

C

96.5ab

105.9

115.2

0.7 b

0.7*

C

0
0

136/15

ND

ND

ND

0

ND

ND

ND

0C

0'

SEM

0.31

0.08

0.13

0.20

0.29

0.08

0.12

0.13

0.28

NS

NS

NS

NS

NS

NS

NS

***

NS
+

NS

*
NS

...
***

*
-

NS

*
*
*

-

+

*
**

-

"

"

Treatment day: NS
Temperature

NS

NS
+

Time

**

+

NS
+

Temp, x time

NS

+

NS

NS

Temp, x temp.

-

-

-

-

+

NS

+

+

Time x time

"

NS

"

For abbreviations see Table 1.Within columns, different superscripts indicate significant differences (P < 0.05,
Tukey's HSD-test). ND: notdetected.
For treatment codes see Table 2.
For significance levels see Table 2.
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Table 5 Effects of pressure toasting on denaturation characteristics of soybeans1.

T0,
°C

TP,
°C

T„

(5H,

To2

Tp2

Te2

6H2

*H«

°C

J/g CP

°C

°C

°C

J/g CP

J/g CP

78.6

86.5C

1.2a

92.3ab
92.4*

99.4a

101.7

3.8a

4.9a

ab

109.3

a

4.8ab

ab

ab

a

a

Treatments2
untreated
100/7
100/15
100/30
118/3
118/7
118/15
118/30
136/3
136/7

70.3"
71.9

ab

71.8

ab

73.0a
72.9
ND
ND
ND
ND
ND

a

78.4
78.6
78.7
78.8
ND
ND
ND
ND
ND

86.0°
87.0

bc

88.5

ab

88.8
ND
ND
ND
ND

a

1.0
0.8

b

0.8

C

0.3

92.3
93.2

a

93.3

a

C

91.3"°

C

cd

0
0

C

0

C

0

ND

0C
C

90.7
89.7

d

C

91.0

91.4bc
e

99.1

ab

98.9
99.0

ab

110.0

3.6

4.6abc
4 4abcd

99.4

ab

110.1

3.7a

4.0bcd

99.2

ab

109.1

a

4.0cd

99.3

ab

a

3.6d

a

4.0bcd

b

2.7e

b

2.1 a

C

99.9

a

99.6

a

99.6a

108.4
110.5
110.1
112.0

3.8

3.9
3.6
4.0

2.7
2.1
0.6

0.6f

0.09

0.25

0.25

0.27

NS

NS

NS

NS

**
*

NS
+

ND

ND

ND

0

86.5

98.4

SEM

0.33

0.06

0.37

0.10

0.41
NS

b

109.6

111.0

136/15

Treatment day3 NS

3.8

ab

NS

NS

NS

Temperature

*

NS

NS

NS

+

NS

***
*

NS

Time

NS

*

NS

Temp, x time

-

-

***
***
-

+

**

NS

NS

NS

NS

***
**

+

*

-

*

*
*

'

"

"

Temp, x temp.
Time x time

+

For abbreviations see Table 1.Within columns, different superscripts indicate significant differences (P <0.05,
Tukey's HSD-test). ND: notdetected.
For treatment codes see Table 2.
For significance levels see Table 2.

Sieveanalysis
The N-distribution overthedifferent particle sizeclasses ofthe3mmground samples was
different between legume seeds (Tables 6, 7). For faba beans and peas X60N was
smallest, ground soybeans were intermediate and ground lupins had the largest X50N.
TheX50N was smaller after wet sieve analysis than after dry sieve analysis. Compared to
dry sieve analysis, the contribution of the fraction of particles < 71 //m was increased,
which was mainly dueto an increase of the soluble fraction, represented by the fraction
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< 8//m.
Ground toasted legume seeds had a larger X50N than the untreated seeds (Tables 6,7),
except for soybeans after dry sieve analysis. The effect of toasting was caused by a
reduction ofthe particle size fraction <71//m. Wet sieve analysis showed that there was
ashift inparticle size from <8//mto particles between 8and 71//m. Forfaba beans and
peas, differences in X50N were only significant for the wet sieve analysis.

Table 6 Effects of pressure toasting of faba beans and peas on the N distribution (in %) over different
particle size classes1.

Faba beans

Type of sieve analysis

< 8//m

Dry

Wet

Dry

Wet

U

T

U

T

U

T

U

T

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

51.1"

14.3"

-

-

15.3

27.1

24.7"

66.3a

41.4"

-

8 - < 71 //m
< 71 fim

Peas

30.0a

a

31.7"

15.0"

-

13.8"

22.0a

19.8"

63.2a

37.0"

13.8"

0.5a

20.7"

71 - < 160 //m

5.3

8.8

0.5

15.6"

160 - < 315 //m

5.4

5.0

0.7a

2.6"

5.4

6.1

0.9

5.5

315 - < 630 /jm

11.3"

11.8"

3.1 a

6.4"

12.7

14.5

3.6a

6.3"

630 - < 1250A/m

33.9a

37.0"

12.5

16.4

32.9

34.1

13.4

14.7

1250 - < 2500 fim
i 2500
SEM
X

50,N if™)

4.3

a

49.4a

a

14.1

12.7

16.6

17.4

13.1

11.6

18.2

15.8"

0.0

0.0

0.3

0.1

0.0

0.0

0.2

0.1

7.96

8.48

7.85

8.76

5.39

6.58

289

333

311

338

4.95
6a

6.77
123"

12a

137"

Within type ofsieve analysis, different superscripts indicate significant (P < 0.05) differences between untreated
(U) and toasted samples (T, pressure toasted for 15min 136°C).
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Table 7 Effects of pressure toasting of lupins and soybeans on the N distribution (in %) over different
particle size classes1.

Lupins

Type of sieve analysis

Dry

U

(%)
< 8 pm

< 71 //m

Dry

Wet
U

T

(%)

(%)

T

(%)

Wet

U

T

U

T

(%)

(%)

(%)

(%)

24.0a

9.6°

-

26.6

29.6

3.5

39.2

21.9a

24.6b

0.8

6.4

5.9

3.5

7.6b

2.1"

4.9b

14.2
31.0B
16.3
0.0

5.4a

9.0b

-

8 - < 71 yum

Soybeans

33.2a

8.1"

8.6b

33.9a

41.8

42.0

-

6.1

160 - < 315 fim

4.9
7.9
5.5

4.1

50.5
1.1
1.2

315 - < 630 fim

9.0

7.1

2.7a

3.3b

5.1
5.8a
12.6

630 - < 1250 pm

33.8

8.1

8.7

37.9a

34.7

44.2

> 2500

32.9
39.T
0.0

1.7

2.7

16.6
0.0

SEM

9.97

10.22 7.41

9.13

8.90

8.38

8.33

7.48

X 50N (//m)

1151a 1545b 112b

268a

439a

362b

93b

145a

71 - < 160 fjm

1250 - < 2500 //m

1

45.4
0.0

b

1.2

18.8

17.5

25.9

23.0

0.2

0.2

Within type of sieve analysis, different superscripts indicate significant (P s 0.05) differences between untreated
(U) and toasted samples (T, pressure toasted for 15min136°C).

Relations between IVPD, PDI, 6H and degradationcharacteristics
Overall correlations between IVPDand insitu intestinal digestibility ofrumen undegraded
protein (%DUP) and total protein digestibility (%TDP) were rather poor (Table 8).
For lupins, IVPD was significantly correlated with %TDP (r = 0.80; P < 0.0001, results
not shown). For %DUP, significant correlations were found with IVPD of soybeans and
peas (r = 0.43, P < 0.05 and r = -0.83, P < 0.0001, respectively).
Overallcorrelations between PDIand<5Hweresignificant, butcorrelation coefficients were
only small (Table 8).Within legume seeds, correlations between PDI and <5Htotwere 0.96
and 0.93 for faba beans and peas, respectively. For lupins and soybeans, correlations
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were only significant for <JH,,and correlations between PDI and <JHtotwere smaller than
for faba beans and peas. The 6Hfor the two endothermic peaks of lupins and soybeans
were significantly (P <, 0.0001) correlated with the total enthalpy ofthe peaks (Table 8),
with correlation coefficients of 0.53 and 0.84 for the respective peaks.
The inverse relation between the denaturation parameters 6Y\ and PDI and the protein
degradation characteristics (%UIP, DUP and DVE) were strong, with coefficients of 0.8
orhigher (Table8).Since %UIP, DUPandDVEshowed practically thesame pattern,only
results for DUP are presented.
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Table 8 Correlations between laboratory parameters a n din situ results 1

Laboratory

parameters

PDI

<5H,

(%)

(J/g CP)

<JH2

<5Htot

(J/g CP) (J/g CP)

IVPD
(%)

Laboratory parameters
PDI (%)

0.40 2

0.42

0.39

**3

**

***

NS

0.53

<JH, (J/g CP)

-0.31
NS

***
<5H2(J/g CP)

0.84

0.34

*
NS

<JH1O1 (J/g CP)

/n s/fu

parameters

for protein

W (%)
kd (%/h)

0.93

0.61

***

***

0.34

0.74

NS

0.47

NS

0.49

-0.32

-0.60

***

**

***

%UIP (%)

-0.84

0.79

***

**»

*

***

%DUP

-0.51

NS

-0.73

-0.69

***

***

-0.73

-0.50

0.18

***

...

+

NS

-0.24

NS

-0.21
+

***
%TDP

NS

NS
0.87

DUP (g/kg DM)

-0.85

***

...

DVE (g/kg DM)

-0.87

0.81

***

For abbreviations see Table 1.
Pearson correlation coefficient.
For significance levels see Table 2.

***

*

0.23
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Figure 2 shows the regression of DUP on PDI for the different seeds. The data showed
a linear relationship for faba beans (Figure 2a), peas (Figure 2b) and soybeans (Figure
2d), but for lupins (Figure 2c), PDI could not discriminate between treatment conditions.
Regression analysis of DUP on PDI showed that intercepts were similar for faba beans
and peas but different from those of soybeans. The R2values for faba beans, peas and
soybeans were 0.89, 0.89 and 0.90, respectively. For DUP (Figure 2) mean prediction
errors (MPE, expressed as a proportion of the mean observed value) were almost
completely attributable to random disturbance, and were 10.1, 10.0, 13.5 and 4.9% for
faba beans, peas, lupins and soybeans, respectively.
b:PEAS

a:FABA BEANS
DUP- -1.26* PDI+172.19,R-square- 0.89

DUP- -1.22*PDI+148.12, R-square- 0.89
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d:SOYBEANS

c:LUPINS
DUP- -3.51 *PDI +202.70,R-square - 0.60

DUP- -1.32*PDI+ 190.51,R-square - 0.90
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Regression equations of protein dispersibility index (PDI, in %) on intestinal digestible
rumen undegraded protein (DUP, in g/kg DM) for faba beans (a), peas (b), lupins (c)
and, soybeans (d).

Laboratory measurements for protein

123

b:PEAS

a:FABA BEANS
DUP - -22.40 * dH + 163.44, R-square - 0.92

DUP - -22.19 * dH + 123.27, R-square - 0.76

deltaH(J/gCP)

delta H(J/gCP)

d:SOYBEANS

c:LUPINS

DUP- -13.46*dH+206.32,R-square- 0.46

DUP = -20.58 * d H + 192.78, R-square - 0.74
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Figure 3

deltaH(J/gCP)

Regression equations of total DSC denaturation enthalpy (<5H,in J/g CP) on intestinal
digestible rumen undegraded protein (DUP, in g/kg DM) for faba beans (a), peas (b),
lupins (c) and, soybeans (d).

Figure 3shows the regression of DUP on<5H forthedifferent seeds.The intercepts ofthe
regression equations were significantly different between legume seeds. Slopes were
similar for faba beans (Figure 3a), peas (Figure 3b) and lupins (Figure 3c), but different
for soybeans (Figure 3d).
Residual variation for lupins and soybean was higher at larger values for <5H,while for
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peas, smaller <JH corresponded with larger variation. R2 values ranged from 0.46 for
soybeans to 0.92 for faba beans. Based on 6H,MPE was 8.9, 14.6, 10.9 and 11.6% for
DUP of faba beans, peas, lupins and soybeans, respectively. Decomposition of the
prediction error showed, that morethan 90%ofthe prediction errors was due to random
disturbance.
Multiple linear regression, with both PDI and <$Htot as regressors, only improved the
prediction of DUP in lupins. R2 increased from 0.60 (for PDI) and 0.74 (for <JHtot)to 0.93,
while MPE decreased from 13.5 and 10.9 to 5.6%, respectively.
Discussion
Protein composition anddenaturation
Plant proteins consist ofdifferent fractions, which canbedivided intoalbumins, globulins,
glutelins and prolamins based on their solubility in different media. Differences in
sedimentation behaviour are also frequently used to classify proteins in for instance 2S,
7S, and 11S fractions. The contribution of the protein fractions to total protein varies
between plant proteins, between seeds of similar chemical composition, such as peas,
faba beans and phaseolus beans (Sosulski et al., 1985), and within species, as was
demonstrated forpeas byCasey etal. (1982) andfor lupins byWright and Boulter (1980).
The protein fractions candiffer interms oftheconformation ofthe protein, the amino acid
composition, molecular size,thechargedistribution onthe protein,theextent ofinter-and
intra-molecular bonding and the matrix surrounding the protein.
After heating, the protein structure changes from a native, ordered state to adenatured,
disordered state due to disruption of intramolecular hydrogen bonds and unfolding of
polypeptide chains, followed by aggregation. As a result, the PDI of proteins decreases
upon heating, asdoes the <JH. The more heat-labile the protein, the larger the decrease
of PDI and (5Htot. Literature on the effects of heat treatments on PDI or denaturation
enthalpy refers mainly tolegume seeds, such assoybeans, peas,faba beans, phaseolus
beans, lentils and lupins (Wright and Boulter, 1980;Sosulski etal., 1985; Hsu and Satter,
1995; Qin et al., 1998). In the latter studies, PDI is related to the total protein fraction,
whereas inthe DSC studies, the enthalpy usually refers tothe globulin fractions. InDSC
studies, albumins, glutelins and prolamins are hardly ever mentioned, probably because
of the relatively small contribution of these fractions to total protein.
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Proteindispersibility
The results for PDI of untreated faba beans, peas and lupins were consistent with
previous results (Goelema et al., 1998a). The PDI of soybeans was lower than that
observed by Hsu and Satter (1995) and Qin et al. (1998) for untoasted seeds (69 vs.
86%), and oftoasted soybeans (Qin etal., 1998).The PDI of 100°C toasted soybeans in
our study showed a similar pattern tothose toasted at 100°C for 5, 10, 20 and40 min in
the study by Qin et al. (1998). The PDI level of toasted soybeans in our study was on
average 12.5% and 18.7% units lower than the 100°C toasted Argentine and Chinese
soybeans inthe study byQinetal.(1998).Aftertoasting at 118°Cand 136°C, differences
in PDI between the two studies and between the two varieties of Qin et al. (1998)
diminished, especially with longer processing times.
This shows that genetic variation or differences in growing conditions between batches
of soybeans of different origin may play a role in differences in PDI of soybeans,
especially after mild pressure toasting.
The relatively low PDI of untreated lupins may be related to the high glutelin fraction in
this seed (Hill, 1977), which is in agreement with the negative correlation between the
proportion of glutelins in feeds and the N solubility in McDougalls' buffer (Kandylis and
Nikokyris, 1997). Moreover, the high cell wall fraction in lupins probably limits dispersion
of lupin protein.
Increasing the processing time or processing temperature at a PDI level of about 20%
only slightly affected PDI. This was in agreement with the curvi-linear decrease for PDI
observed by Hsu and Satter (1995), and with the results of Marsman et al. (1995). Hsu
and Satter (1955) found,that PDIwas hardly affected after increasing temperature during
roasting over 140°C. Marsman etal. (1995) concluded thatwhen high amounts ofenergy
were dissipated during extrusion, PDIfailedtodiscriminate between treatments. Hsu and
Satter (1995) observed differences between roasting and oven-drying at similar sample
temperature, which were due to differences in the speed of heat transfer. Therefore,
pressure toasting, oven-drying and roasting may give different results.
The small increase of PDI after prolonged toasting of lupins and soybeans at 136°C was
consistent with results of Van der Poel et al. (1990) after toasting Phaseolus beans at
136°C. These authors attributed the observed increase in PDI to protein hydrolysis,
although noevidence was obtained forthat intheir study. Inconclusion, PDI isa suitable
indicator forprotein denaturation after heattreatment, butdiscriminatory power isreduced
when treatments become very severe.
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DSC denaturationcharacteristics
Differential scanning calorimetry has been used to study the denaturation behaviour of
proteins infood andfeed, aswell asin purified fractions ofproteins (Hermansson, 1978).
Results of DSC studies, however, can be influenced by many factors. When purified
protein fractions are studied,the processing steps carried outduring purification, such as
defatting, extraction and precipitation for example, influence the denaturation behaviour
of the protein (Murray et al., 1985).
Inaddition tovariations inmethodology, differences between species and environmental
conditions during seeddevelopment canalso affect thethermal behaviour ofprotein (and
starch) in legume seeds (Sosulski et al., 1985), which makes it difficult to compare our
experimental results with literature results. Despite this variation, protein fractions
sometimes doexhibit asimilar denaturation behaviour. Sousa et al.(1995), for instance,
showed that isolated 11S fractions of lupins and soybeans had similar denaturation
enthalpies and temperatures, while the isolated 7Sfraction showed large differences for
both parameters. In our study, however, denaturation enthalpy and Tp of lupins and
soybeans protein fractions were different for both peaks.
For all legume seeds inour study, two endothermic peaks were observed after DSC. For
the starch-containing seeds,faba beans andpeas,thefirst peak was observed at71.6°C
and 68.6°C, respectively (Goelema et al., 1998c). Inagreement with results of Murray et
al. (1985), Van der Poel et al. (unpublished) and Wright and Boulter (1980), the first
endothermic transition offaba beans and peas was attributed to gelatinization ofstarch,
whereas the second was related to protein denaturation.
Since lupins and soybeans hardly contain any starch, the two observed peaks
undoubtedly represent protein denaturation. Based onthe homology between the protein
fractions oflegume seeds (Derbyshire et al., 1976; Gilroy et al., 1979), one would expect
two peaks for faba beans and peas, one representing the 7S fraction, the other
representing the 11S fraction. It remains unclear why faba beans and peas showed only
one protein peak. It might be related to asmaller contribution ofthe 7S and 11S fraction
to the total protein in faba beans and peas. That distribution was not measured in the
present experiment, and literature gives variable results.
The Tpofthe faba beans, peas and soybeans inour study were close to results ofwhole
seeds inthe study byMurray et al. (1985).Our results forTpoftwopeaks for lupins were
consistent with results of Wright and Boulter (1980), although these authors could
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distinguish a third peak. This was probably caused by dialysis of the sample against a
NaCI and NaH2P04 solution at pH 8, which changes the thermal stability of protein
fractions, resulting indifferent denaturation behaviour (Wright, 1982). Other DSC studies
were carried outwith proteinfractions, purified byair-classification, defatting, and various
kinds of extractions (see e.g.Arntfield and Murray, 1981;Sosulski et al., 1985; Sousa et
al., 1995). Inthese studies, thedifferent protein fractions usually exhibited distinct peaks,
which often resulted in other values for Tp.
The peak temperatures for peas observed by Casey et al. (1982), at 94°C and 102°C,
were within the relatively broad denaturation temperature interval (from onset until
completion of denaturation) inour study. The broad denaturation interval inour study, as
well asthe similar <JHtotfor peas,faba beans ontheonehand,and oflupins and soybeans
on the other, suggest that the phase transitions of the 7S and the 11S protein fractions
of peas and faba beans overlapped.
In our study, denaturation enthalpies were considerable lower than those reported in
studies with purified protein fractions (Arntfield and Murray, 1981;Sosulski et al., 1985),
butwere closetothose of Murray etal. (1985) forwhole faba beans, peas and soybeans
and Thomas et al. (1998) for soygrits. Murray et al. (1985) showed that differences in
denaturation enthalpy between whole seeds and their purified protein fractions are due
todifferences insample preparation. Itseems contradictory that (native) whole seeds had
lower values for denaturation enthalpy than didthe purified samples, butthe contribution
of interactions between protein and non-proteinaceous components in the seeds can
result in lower enthalpies. Murray et al.(1985) hypothesized that factors inthe seed hull
other than phenolic components, were responsible for the increased enthalpy after
dehulling, while the higher enthalpy after defatting (which decreased phenolic contents)
was attributed toasmaller contribution ofhydrophobic interactions andtoanoverall effect
ofphenolic compounds onproteinconformation.Asdisruption ofhydrophobic interactions
is exothermic in nature, a decrease or the removal of this interaction results in an
increased denaturation enthalpy. Lipids (abundant in lupins and soybeans) as well as
starch can interact with protein (Kinsella, 1979), and this has very likely affected the
denaturation enthalpy in our study. Anionic polysaccharides are known for their
destabilization effect during heattreatment (Wright, 1982), resulting inabroadening ofthe
transition peak and a decreased denaturation enthalpy. At a neutral pH, starch is
negatively charged and may therefore form complexes with protein (Dahle, 1971),
especially after heat treatment (Thorne et al., 1983; Michniewicz and Jankiewicz, 1988).
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Sincethere areseveral indications thatthishasoccurred after pressure toasting (Goelema
et al., 1998ad), this may be another explanation for the low denaturation enthalpy in our
study.
Forpractically allseeds, <5Htotprogressively declined aftertoasting at118°Cfor7min.The
results for lupins and soybeans suggest that atthat point, the 7Sfraction was completely
denatured.
Atthesamestage,the 11Sfractions offababeansandpeas startedtodenature, resulting
in a decline of <JHtot, similar to lupins and soybeans. This progressive disappearance of
the first and second peak for lupins and soybeans reflects the differences in heat-lability
of 7S protein compared to 11S proteins (Derbyshire et al., 1976; Hermansson, 1979).
After 15 min toasting at 136°C, a small amount of native protein was detected only in
soybeans. Itwas therefore concluded that for all legume seeds, thistreatment resulted in
near complete denaturation of the protein fractions.
Relations between laboratory parameters and in situparameters
Correlations between PDI and <JHtotwere higher for faba beans and peas (r = 0.96 and
0.93, P < 0.0001) thanfor lupins (r =0.45, P <, 0.05) and soybeans (r =0.63, P <, 0.01
and P <, 0.01). The smaller correlation coefficient forthe latter seeds was mainly due to
theworse correlations with <$Htot(r= 0.19 and r= 0.38, respectively). This isinagreement
with the lack of discriminatory power of PDI after intensive heat treatment and higher
energy inputs (Hsu and Satter, 1995; Marsman et al., 1995).
The high correlations between <JH,andtheW in lupins and soybeans and the poor, nonsignificant correlations for <JH2are in agreement with Hermansson (1979), who showed
that denaturation and solubility are not always correlated. Denatured proteins can be
soluble, and denaturation of 11S soy proteins may lead to the formation of soluble
fractions (Wolf and Tamura, 1969). According to these authors, the 11S soy protein
fraction is transformed upon heating at 100°C, into a fast-sedimenting fraction and a
slow-sedimenting fraction of 4S, which increases solubility (Kinsella, 1979). Prolonged
heating increased the size ofthe soluble aggregate to 7S proteins, eventually resulting in
precipitation. This increased solubility was in agreement with the effect oftoasting onW.
For these seeds, a small but consistent increase of W was observed after prolonged
toasting at 118°C, while <5Htotgradually decreased. Although this segregation/aggregation
phenomenon has not been reported for lupins, the data in our study suggests that this
may also occur for those seeds.
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The increased X50N for toasted legume seeds coincided with a higher %UIP, which
confirms the results of Dixon and Hosking (1992), Michalet-Doreau and Cerneau (1991)
and Michalet-Doreau and Ould-Bah (1992) who also reported an inverse relationship
between Ndegradability and particle size.These studies, however, were carried outwith
untreated protein sources which were ground through screens of different sizes. Few
studies reported effects of other methods of processing on changes in particle size
distribution and %UIP. Intwoearlier studies, adecreased particle sizewasobserved after
pelleting and expander treatment ofa concentrate (Goelema et al., 1996) and a mixture
ofdry rolled legume seeds (Goelema etal., 1999). Inthe latter study, asignificant inverse
relationship was found between particle size and W, kdand %UIP. In the latter study,
however, no effects on particle size were observed after pressure toasting. This was
probably duetothe use ofsamples that were notground: %UIP ofthe untoasted mixture
was 65% and toasting for 3 min at 132°C increased %UIP by only 13% units.
Hence, effects ofheattreatments oninsitudegradability also depend onthe particle size
distribution of the incubated samples.
The larger particles after grinding the toasted legume seeds may be the result of the
formation of complexes of starch and protein, as suggested by the strong correlation of
in situ protein and starch degradability (Goelema et al., 1998acd) and by DSC, as
described above. It seems that these complexes cause a different fracture behaviour,
resulting in an increased X50N
Toasting decreased IVPD for peas and lupins, but for faba beans and soybeans, there
was no consistent effect of toasting. The reason for these differences remains unclear.
The similarities between faba beans and peas onthe one hand,and between lupins and
soybeans on the other, as observed for most degradation parameters and the
denaturation parameters are inconsistent with the results for IVPD.
In the study by Van der Poel et al. (1992), IVPD of high tannin faba beans was 90.9%
which is higher than in our study, but consistent with the results of Meijer et al. (1994),
who reported an IVPD of 92%. Our value of 83%, however is in agreement with results
of Carbonaro et al.(1996) which ranged from 83to 86%.These authors, however, used
a different multi-enzyme in vitro procedure.
The very similar %TDP (Goelema et al., 1998b)for untreated andtreated legume seeds,
aswell asthe inconsistent pattern for IVPD offaba beans and soybeans resulted inpoor
overall correlations with IVPD. Forlupins,thesignificant positive correlation between IVPD
and %TDP shows that IVPD isauseful predictor foreffects ofpressure toasting on%TDP
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inthis case.
Forsoybeans, %DUP significantly correlatedwith IVPD, butthecorrelation coefficient was
too low (r = 0.43) to be useful for prediction purposes. For peas, the correlation was
negative (r=-0.83),which meansthattheclear increase of%DUPcould notbemimicked
by in vitro incubation.
In general, IVPD was not a good predictor for the effects of pressure toasting on in situ
proteindigestibility. Moreover,thedifferences innylonbagdigestibility (%TDP and%DUP)
ofthe untreated legume seeds were not inagreement with results for IVPD.These results
are not consistent with results of Antoniewicz et al. (1992) who found significant
correlations (R2=0.90, P < 0.0001) between %DUP and invitro protein digestibility with
pepsin and pancreatin. These authors, however, incubated the 12 h rumen incubation
residue in vitro and filtered the undigested residue after incubation over a nylon cloth to
determine protein digestibility, instead of using the total undigested residue of the
incubated feed samples as in our study.
Apart from the fact that the in situ disappearance probably represents true digestibility
rather than apparent protein digestibility, the method was designed to study differences
between diets and feedstuffs (Babinszky et al., 1990). Effects of heat treatments are
mainly due to the denaturation of protein, which involves very specific changes of the
protein structure. Changes in digestibility due to heat treatment are therefore not
necessarily related to changes in IVPD but to differences in other factors, such as
anti-nutritional factors (Jansman et al., 1993). Our results are in agreement with results
ofVander Poeletal. (1991)whofound poorcorrelations inpigs between IVPD andfaecal
digestibility or mobile nylon bag digestibility ofbeans (Phaseolus vulgaris)after pressure
toasting.
Prediction of intestinal digestible rumen undegradedprotein(DUP)
For PDI, simple linear regression equations fitted the relationships with DUP for faba
beans, peas and soybeans, but for lupins, itfailed to discriminate between higher levels
of DUP. Generally, residual errors were larger at PDI < 25%, since PDI could not
discriminate the intensity ofheattreatment belowthis level.Moreover, PDIcould notmark
differences between high levels ofDUP,which isconsistent with results ofHsuand Satter
(1995). Hsu and Satter (1995) found optimal protection against rumen fermentation after
roasting soybeans corresponding to PDI values ranging from 9to 11%, which isclose to
our results.
Using linear relations, changes of <JHtot could discriminate between different DUP very
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well, except for soybeans. At higher levels of DUP, <5Htotclearly marked the differences,
where PDI failed. Overall, the small prediction errors indicated that PDI and <JHtot are
useful predictors for DUP. Moreover, decomposition of the MPE showed, that the slope
ofthe regression lines was not significantly different from 1, andthat the mean predicted
and observed values were very similar.
The discrepancy between the <JHtot in our study and results of purified protein fractions,
aswell asthe large variations in <JHtotdue to factors related tothe actual analysis, stress
the need for standard analytical procedures. Moreover, it shows that in studies on the
relationship between degradability and <JHt0„ DSC analysis should be performed with
whole seeds, rather than with purified protein fractions.
Conclusions
Protein denaturation enthalpy (<JHtot), as measured by DSC, as well as PDI, are both
useful indicators of protein denaturation. Changes of these parameters after heat
treatment were strongly related to the observed effects of pressure toasting on DUP,
although PDIwas notdiscriminatory between higher levels ofDUP. Itwasconcluded that
PDI and «JHtot are accurate predictors for DUP after toasting, although its relations were
different amongst legume seeds.
The IVPD, however, failed to discriminate between in situ digestibility of untreated and
toasted legume seeds. Itwas only suitable forthe evaluation of effects of heat treatment
on total tract protein digestibility of lupins.
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Effect of Various Conditions during Pressure Toasting on Rumen Degradability
and Intestinal Digestibility of Faba Beans, Peas, Lupins and Soybeans
3. In situ degradability and digestibility of amino acids in lupins as corrected for
microbial contamination
J.O. Goelema, H. Boer, G. Hof, A.F.B. van der Poel and S. Tamminga

Abstract
In this experiment, whole lupins were toasted at 100°C (7, 15 or 30 min), 118°C (3, 7, 15 or 30 min) and
at 136°C (3, 7 or 15 min). Ground samples were incubated in the rumen and intestines of dairy cows to
measure in situ the fraction of rumen undegraded intake amino acids (UIAA) and the intestinal digestible
rumen undegraded amino acids (DUAA). Diaminopimelic acid (DAPA) was used to correct for microbial
contamination of feedstuffs and incubation residues.
Toasting significantly decreased rumen degradability of amino acid N (AAN) by decreasing its washable
fraction and its rate of degradation. Toasting for 15 min at 136°C slightly decreased the total tract
digestibility of AA, but intestinal digestibility of rumen undegraded intake AA was increased after toasting.
As a result, the amount of intestinal digestible rumen undegraded intake AA substantially increased. For
most amino acids, toasting for 30 min at 118°C resulted in a maximal or similar response to toasting at
136°C. Toasting for 30 min at 118°C increased %UIAA of total AAN from 14.3 to 42.2%. For lysine and
methionine, %UIAA increased from 9.3 to 36.1% and from 0.9 to 27.7%, respectively. Effects of processing
time and temperature showed a curvi-linear response for rumen degradability.
Since processing conditions affected degradability of individual AA in a similar way, it was concluded that
toasting predominantly resulted indenaturation of protein, rather than altering protein degradability of some
specific AA preferentially, for instance through Maillard reactions.
The use of DAPA as a microbial marker revealed contamination of some dried toasted lupins and in in situ
residues. The microbial contamination showed a positive relation with rumen incubation time. Based on the
increased contamination inoven dried residues afterwashing, and inoven dried rumen incubation residues,
compared to freeze dried residues, it was concluded that freeze-drying could overcome a substantial part
of the contamination.
Correction for microbial contamination resulted in a higher AAN degradability compared to uncorrected N
degradability. Moreover, correction affected the ranking of treatments with respect to degradability of
individual amino acids.

Key words: Lupins; Pressure toasting; Amino acid degradability, Diaminopimelic acid
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Introduction
In ruminant nutrition, heat treatments are often used to increase the supply of intestinal
absorbable amino acids (Satter, 1986). Increased amounts of rumen undegraded intake
protein inthe diets, however, not always leadtoan improved performance, which may be
related toan imbalance between required andavailable amino acids (Ashes et al., 1984).
Individual amino acids vary in degradability and digestion (Weisbjerg et al., 1996;
Dakowski etal., 1996)andalsoexhibit adifferent sensitivity forheattreatments (Dakowski
et al, 1996) which can lead tochanges inthe amino acid profile after rumen fermentation
(Crooker et al., 1986). Since degradation ofAAN candiffer fromthat oftotal N(Dakowski
et al.,1996), evaluation of heattreatments should bebased ontheir potential to increase
supply of intestinal absorbable amino acids.
Previously, it was shown that pressure toasting is an effective method to protect lupin
protein from rumen degradation, without negatively affecting the intestinal protein
digestibility (Goelema et al., 1998a).
Insituincubation withnylonbagsarefrequently usedtomeasure ruminaldegradation and
intestinal disappearance of rumen undegraded amino acids (Erasmus et al., 1994;
Weisbjerg et al., 1996). However, microbial contamination of nylon bag residues can be
substantial, especially for low protein roughages (Varvikko and Lindberg, 1985). Several
markers such as purines, DAPA and

15

N have been used to quantify microbial

contamination and to correct feed samples, digesta and incubation residues for this
(Broderick and Merchen, 1992).
Inthis experiment, the effects of processing conditions during pressure toasting onthein
siturumen degradability and intestinal digestibility ofindividual amino acids inlupins were
studied, taking into account microbial contamination during incubation.
Materials and methods
Samples andtreatments
Lupins (Lupinus angustifolius) were pressure toasted at 100°C for 7, 15 or 30 min; at
118°C for 3, 7, 15or 30 min,or at 136°C for 3,7 or 15 min,as described by Goelema et
al. (1998b). Forthis study, only samples treated onthefirst daywere used.Aftertoasting,
samples were dried in a forced-air oven for 16 h at 35°C. Untreated samples of the
feedstuffs were used as controls.
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Insituincubations
Ruminal and intestinal incubations were carried out as described by Goelema et al.
(1998b). Samples were incubated for 0, 8, 12and 24 h inthe rumen. For measuring the
intestinal digestibility, a 12 h rumen incubation residue was used. Rumen incubation
residues were dried in aforced-air oven for 24 h at 60°C. The residue after 12 h rumen
incubation which was used for intestinal digestion, as well as its residue after intestinal
digestion, were freeze dried.
Chemicalanalysis
Feeds and incubation residues were analyzed for dry matter (DM), N and amino acids
(AA). Prior to chemical analysis, samples were ground through a0.5 mm screen (Retsch
centrifugal mill). DM and Nwere determined asdescribed by Goelema et al.(1998b). For
amino acid (AA) analysis, samples were hydrolyzed for 22 h with 6 N HCL at 108°C
(under reflux). Feed AA and DAPA were determined with an amino acid analysator
(Biotronik LC 5001, Eppendorf-Biotronik, Maintal, Germany). For methionine and cystine
samples were oxidized for 16 h at 0°C with performic acid (Moore, 1963) prior to acid
hydrolyzis.
Calculation ofdegradability anddigestibility
The AA content ofthe feed andthe residues after ruminal and intestinal incubation were
corrected for microbial contamination using DAPA as microbial marker. The amino acid
profile of rumen microbes (Storm and 0rskov, 1983) was used to correct the individual
residues according to equation 1,as described by Varvikko (1986).
AA feed origin

= sample AA - ( sample DAPA * microbial AA )/ microbial DAPA (1)

where, sample AA and DAPA aretheAA andthe DAPA content (g/kg DM) ofthesample,
andmicrobial AAand DAPA aretheAA andDAPA content ofrumenmicrobes (Storm and
0rskov, 1983).
ForAA, two fractions were distinguished: the washable fraction (W)which isassumed to
be readily available, a truly undegradable fraction (U), and a potentially degradable
fraction (D) (D= 1-W - U). Since lupins were nearly completely rumen degradable, itwas
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assumed that U= 0.The fractional rate of degradation ofthe Dfraction (kd, in %/h) was
calculated using afirst order degradation model, asdescribed by Robinson et al. (1986).
%UIAA

= D* (kp/ (kp+kd)

UIAA

= %UIAA * feed AA content

(2)
(3)

The amount of rumen undegraded intake amino acids (UIAA) was calculated with
equations 2 and 3, for an outflow rate (kp) of 6%/h. UIAA and AA content are expressed
in g amino acid N/100 gfeed AAN. The AA residue remaining after intestinal incubation
(IAA) was used to calculate total tract digestibility (%TDAA) as afraction of original feed
AA content, and as a fraction of UIAA (%DUAA), as well as the amount of intestinal
digestible amino acids (DUAA, in g AAN/100 g feed AAN), using equations 4 to 6
(Tamminga et al., 1994). Results for Nwere calculated inthe same way asdescribed for
AA, without correcting for microbial contamination.
%TDAA

= 100 * (AA - IAA )/ AA

(4)

%DUAA

= 100 * (UIAA - IAA) / UIAA

(5)

DUAA

= UIAA * %DUAA

(6)

Statisticalanalysis
To estimate the effects of the treatment conditions, regression analysis was carried out
with proc GLM (SAS, 1989) using equation 7, omitting the untreated controls from the
dataset. For regression, processing temperature (T) was linearly transformed into
increments from 100°C (i.e. 0, 18 or 36).
Y, = a + AA, + fl, X, + G2 X 2 + IS3 X, 2 + U4 X 2 2 + !J5 A A X, + (J6 AA X 2 + IJ7 A A X, X 2 + &8 X, X 2 + e,

(7)

where, Y,isthedependent variable under examination, atheintercept, AA^he amino acid
effect (i = 1-17), X, the temperature (in min), X2the duration ofthe treatment (in min), B,
the linear effect of temperature, B2the linear effect of processing time, fS3the quadratic
effect oftemperature, B4the quadratic effect of processing time, B5 the interaction effect
of AA and X,, fi 6 the interaction effect of AA and X2, B7the interaction effect of AA, X,
and X2, B8the interaction effect of X., and e-, the residual error term.
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When regression analysis (equation 7) revealed significant interactions with AA,
regression was carried outforthe individual AA, omitting theAA effect and the interaction
effects with AA. If possible, non-significant interaction terms and quadratic effects (P >
0.15 ) were also removed from the model. Contrasts were used to evaluate the
differences between the results for total corrected amino acid N (AAN) and uncorrected
N, and between total essential (EAAN) and non-essential amino acid N (NEAAN). To
evaluate differences between untreated and toasted samples, analysis ofvariance (proc
GLM, SAS, 1989) was used, taking into account the differences between individual AA
(equation 8).
Ys

=U+AA: +T,+ e0,

(8)

where, YSjisthedependent variable underexamination, /Jistheintercept, AA;istheamino
acid effect (i = 1 - 17), Tj the treatment effect (j = 0 for untreated and 1 for toasted
samples) and e:iis the residual error term.
Results
Amino acid profile and microbialcontamination
The amino acid and Ncontents ofthe untreated andtoasted lupins are given inTable 1.
Ncontent and amino acid N(AAN) asfraction oftotal Nwere not significantly affected by
toasting. The individual amino acids showed very little variation, except for Lys, His and
Glu. Lys content decreased after toasting at 118°C and 136°C, which resulted in a
significant interaction between processing time and temperature, and a tendency (P <
0.10) to a quadratic temperature effect (results not shown). Concomitantly, His and Glu
slightly increased with increasing processing timeaftertoasting at 136°C (notsignificant).
Consequently, totalessentialAAN (EAAN) decreased, while non-essential AAN (NEAAN)
increased. The latter parameters showed a tendency to a quadratic effect for time, and
linear effects for time and temperature during processing (P < 0.10, results not shown).
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Table 2givestheAAN content (after correction for microbial contamination) oftotal Nand
the microbial contribution totheAAN content inlupins andtheir incubation residues. The
AAN was 96% oftotal Nin untreated lupins, and ranged from 86.7%to 96.8% in toasted
lupins. Lower values for %AAN (86.7, 89.3 and 90.4%, respectively) were found for feed
samples that contained some microbial contamination (3.4, 1.7 and 5.5% oftotal AAN in
lupins, toasted for 30 min at 118°C and for 3 and 15 min at 136°C, respectively).
Microbial AAN content significantly increased with rumen incubation times until 24 h
(Table 2).Concomitantly, %AAN showed an inverse relation with rumen incubation time.
The freeze dried 12hrumen incubation residue had a larger microbial AAN content and
a smaller %AAN compared to the unincubated feed. Compared to the oven dried 12 h
rumen incubation residue, thefreeze dried residue had asmaller microbial AAN content.
The residue after mobile nylon bag incubation had a smaller %AAN and microbial AAN
content than the freeze dried residue after 12 h rumen incubation (Table 2). There was
a tendency to a higher microbial AAN content for the untreated lupins (P < 0.10)
compared totoasted lupins,whichwassignificant fortheessentialAA (EAAN) (P ^ 0.05).
Differences in%AAN ormicrobial AAN content among toasted lupins were not significant.
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Chapter 5

Insitu degradability anddigestibility
All digestion characteristics (W, %UIAA, %TDAA, %DUAA, and DUAA) were
significantly affected by toasting. Differences between total AAN and Nwere
significant, while %DUAA tended to a difference (P <, 0.15). The differences between
total EAAN and NEAAN were only significant for DUAA (results not shown).
Analysis (equation 7) showed that there was a significant interaction between AA and
the temperature effect of toasting for all digestion characteristics, except for thekd.
Results were therefore presented for the individual amino acids.
Table 3 gives the washable fraction of AA. W was significantly (P <,0.05) different
between AA, but effects of toasting were not always significant. For most amino acids,
there was a quadratic effect of duration of the treatment. In addition, there was an
interaction between linear effects of temperature and duration on W. Table 4 gives the
fractional degradation rate ofAA. The kdwas significantly different between AA.
Especially in untreated lupins, Met had a much higher kdcompared to the other AA.
Toasting decreased the kdofAA. Total AAN, EAAN and NEAAN tended to quadratic
effects and showed significant linear effects of T and D, which indicates a curvi-linear
response to the processing conditions. For EAAN, there was a tendency for interaction
between T and D. For the individual amino acids, effects of the processing conditions
were sometimes different.
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Table 5 gives the rumen undegraded fraction (UIAA) of AAN. Toasting increased UIAA
for all amino acids. For all amino acids, as well as for N, the effects of T and D on
UIAA were linear. Since there were no interactions between AA and T or D,
differences between toasting conditions were similar among AA. The UIAA of
untreated lupins ranged from 0.9% (Met) and 9.3% (Lys) to 17.9% (Ser) and 19.3%
(Cys). For toasted lupins, UIAA ranged from 23.9% (Met) and 28.7% (Lys) to48.3%
(Phe) and 48.4% (Pro). The UIAA of AAN was smaller compared to N (P < 0.0001),
due to a higher W and kdof AAN. Met and Lys were more degradable (P < 0.05) than
AAN and N. The relative increase in %UIAA after toasting was larger for total AAN
compared to N.
Correction for microbial contamination resulted in significantly lower total AAN
degradability (ranging from 3to 9% units (results not shown). Relatively, differences in
rumen undegraded AAN fraction ranged from 15to 28%, but there was no systematic
pattern with respect to the treatments. For individual amino acids %UIAA was very
much affected by the correction for contamination (ranging from 0 to 19% units). For
Lys, correction ranged from 7 to 21% units, while for Met it ranged from 14 to 33%
units. For untreated lupins, correction for microbial contamination decreased %UIAA of
Met from 17.7% to 0.9%. Correction for contamination also affected the ranking of
treatments based on %UIAA, especially for Lys and Met.
Table 6 gives the intestinal digestibility of the rumen undegraded intake amino acids
(%DUAA). After toasting at 100°C, %DUAA increased while for the other temperatures
it decreased with increasing processing time. The %DUAA showed significant
interaction between processing temperature and time, as well as a tendency to a
quadratic effect of toasting temperature.
The total tract digestibility of AA was high. Toasting caused a slight, but significant
decrease of the total tract digestibility (results not shown). The largest decrease of
%TDAA was found for Val (from 98.4% to 96%). For the other AA the decrease was
usually less than approximately 2% units.
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Chapter 5

Discussion
Amino acid profile and microbialcontamination
The amino acid profile of untreated lupins (Table 1)was in good agreement with
results of previous studies (Cros et al., 1992; Benchaar et al., 1994; Gdala et al., 1996;
Moss et al., 1997), and given the range of the AA content observed inthe different
lupins species (Hill, 1977). These results confirmed the low contents of Met and Cys in
lupins.
Moss et al. (1997) reported that 90 to 95% of total Nconsisted of AAN, which is
consistent with our results. However, table values (CVB, 1998) and results of a
previous study with Lupinus angustifolius (Goelema et al., 1995), indicated that AAN
comprised only 85% of total N, which suggests substantial variation in AAN content of
lupins.
The decreased Lys concentration after pressure toasting at 136°C was consistent with
the results of others for several feedstuffs (Mostaghi Nia and Ingalls, 1995; Hsu and
Satter, 1995; Schroeder et al., 1996; Dakowski et al., 1997). For legume seeds, Cros
et al. (1992), Benchaar et al. (1994) and Aldrich et al. (1995) reported no effects of
heat treatments on amino acid profile. The decrease in Lys may be due to the
irreversible formation of isopeptides or indigestible Maillard products which are not
hydrolyzed during acid hydrolysis during amino acid analysis. Since the decreased Lys
content was not observed at lower temperature, Maillard reactions were either not
occurring, or limited to a reversible stage.
Based on their DAPA content, it was concluded that in 3toasted samples a small
microbial contamination occurred (Table 2). Crooker et al. (1986) suggested that the
occurrence of DAPA in feedstuffs was due to other components, co-eluting with DAPA
during analysis. Since the untreated and most treated lupins did not contain any
DAPA, it appears that for the contaminated samples, the drying procedure after
toasting (drying in a forced-air oven for 16 h at 35°C) was too slow to prevent
microbial fermentation. A too slow drying process might also explain the occurrence of
DAPA in some (processed) feeds as reported in literature, such as in soybean meal
(Crooker et al., 1986; Prestlekken et al., unpublished results), dried brewers grains and
canola meal (Boila and Ingalls, 1992). After washing, oven-drying at 60°C apparently
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takes to much time to reduce the moisture content of the washed nylon bags to
prevent microbial activity. This seems to be in agreement with the difference between
the contamination between the oven dried and the freeze dried residue after 12 h
rumen incubation (40.3 % versus 9.8%). These results suggest that a substantial part
of the microbial AAN results from the fermentation during the drying of the bags. Ifthis
is true, correction for contamination based on DAPA results in an overestimation of the
degradability and digestibility. It istherefore concluded that freeze-drying is the
preferable method to dry nylon bags after in situincubation.
Microbial contamination relatively increased with rumen incubation time, which is
consistent with other studies (Varvikko and Lindberg, 1985; Varvikko, 1986; Beckers et
al., 1995), and was significantly higher in residues of untoasted samples than of
toasted samples, confirming the results of Crooker et al.(1986). The higher
contamination for the untreated samples suggests a better accessibility of protein in
the untreated samples. Contamination decreases, after an initial increment, when the
substrate for fermentation diminishes (Varvikko and Lindberg, 1985), which was
consistent with the results for the more intensive heat treatment (118 and 136°C). With
soybean meal, Beckers et al.(1995) observed an increased contamination up to 24 h
of incubation, which was consistent with our results for the mildly treated (100°C) or
untreated samples. These findings contradicted previous results and our hypothesis,
that contamination was to be expected at an earlier stage with the most degradable
substrates. It also may suggest that the lower rumen degradability of the feeds was
related to an impaired attachment of microbes to the substrate. The lower microbial
contamination of the residue after mobile nylon bag incubation compared to the 12h
rumen incubation was consistent with the decreased availability of substrate.
In a number of studies, results from nylon bag incubations have also been corrected
for microbial contamination. Several microbial markers were used, such as purines,
DAPA (Erasmus et al., 1994) and 15N, either to label the feed (Varvikko and Lindberg,
1985) or the rumen microbes (Beckers et al., 1995). Varvikko and Lindberg (1985)
found differences in microbial contamination due to type of feed (rapeseed, barley,
barley straw, rye grass), pore/sample size (20//m/1 g versus 40//m/5 g) of the nylon
bags, incubation time (5, 12, 24 h) and microbial marker (15Nand DAPA) used. The
use of 15N labelled rapeseed resulted in slightly smaller contaminations compared to
DAPA. With DAPA as microbial markers and oven-drying after washing the incubated
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nylon bags, Varvikko and Lindberg (1985) found results similar to ours for lupins.
Results of Crooker et al. (1986) for bacterial contamination of incubated soybean meal
were lower than our results. With freeze dried residues and using 15N labelled
microbes as markers, Beckers et al. (1995) observed lower microbial contaminations
compared to our results and the DAPA results ofVarvikko and Lindberg (1985), but it
was not always consistent with the results of Crooker et al. (1986). Thus, further
research is necessary to quantify microbial contamination in feeds after incubation, and
in its origin.
Labelling of feed with 15Nwill overcome the problem of fermentation possibly occurring
during the drying ofthe bags. On the other hand, rumen degradation might be
underestimated, since N incorporated in the microbes which originates from the soluble
and degraded labelled feed AAN are considered as undegraded.
The present study shows that contamination of incubation residues was substantial,
which was consistent with results of studies in which other microbial markers were
used. The drying procedure for the incubated nylon bags after washing may have great
impact on the degree of contamination. It is concluded that differences due to
contamination may be acceptable for evaluation of effects on total AAN, but are
unacceptable when studying degradability and intestinal digestibility of individual amino
acids. Results of corrections with a fixed DAPA/microbial AA ratio (Storm and 0rskov,
1983), as was used in the present study, may therefore have limited quantitative
applicability, although it can be useful for qualitative comparisons.
Amino acid degradability anddigestibility
The Ndegradability ofthe untreated lupins can vary greatly between studies, as was
discussed by Goelema et al. (1998ab). Between AA, also significant differences were
found for W, kdand, consequently, for %UIAA. Differences in solubility and
degradability between the AA may be related to the AA profile of the different protein
fractions (Derbyshire et al., 1976; Hill, 1977). AA profiles of feed were shown to be
different in residues after washing, after rumen incubation and inthe rumen
undegraded AAN fraction. This was consistent with results of Susmel et al. (1989),
Cros et al. (1992) and Benchaar et al. (1994), but in contrast to results of Ganev etal.
(1979) and Weakley et al. (1983), who found no systematic differences inAA profile
after rumen incubation. However, these authors did not correct for microbial
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contamination. Taking into account contamination, differences in degradability between
AA were also observed by Varvikko and Lindberg (1985), Varvikko (1986), and
Beckers et al. (1995).
The Met content in lupins is very low (Hill, 1997). After 8 h of rumen incubation, no
detectable Met was found, resulting in an kdof 217%/h, and in a rumen undegraded
fraction of 0.9%. Because of the very different kdand UIAA compared to the other AA,
results for Met were omitted from the calculation of the standard error. Met and Lys
were the most degradable AA in our study, while Cys, Ser and Asp were most
resistant to microbial fermentation. Without corrections for contamination Arg, Tyr and
Glu had the highest degradability, while Cys, Ser and Asp were most resistant to
fermentation.
In studies with Lupinus albus, Cros et al. (1992) observed the highest degradability for
Arg and Glu, and the lowest for Met and Lys, whereas Benchaar et al. (1994) found
highest degradabilities for Arg and Glu, while Val and Ala had the lowest degradability.
No studies were reported onAA degradability of lupins where microbial contamination
was taken into account. However, available data for lupin AA degradability suggests,
that differences in AA between studies are also affected by the correction for microbial
contamination.
Correction for microbial contamination affected the degradability of total AAN and of
most individual AA. Especially for Lys and Met, the ranking of %UIAA changed after
correction, which is related to the relatively low concentration of Met, the high
degradability of Lys and Met compared to the other amino acids, and the decrease of
Lys concentration in the feed after toasting at 136°C. The difference in ranking with
correction could lead to misinterpretations regarding the effectivity of the heat
treatment. The significantly higher rumen undegraded fraction of uncorrected N
compared to total AAN showed that calculating UIAA based on the Ndegradability and
the feed AA profile generally will result in an overestimation of the amount of intestinal
available total AAN. However, for individual amino acids it may result in an
underestimation of DUAA.
The 30 min treatment at 118°C resulted for most AA in the highest increase of
digestible rumen undegraded AAN (results not shown), except for DUAA of His, lie,
Leu and Val, which were highest after the 136°C/15 min treatment. So, for most amino
acids, toasting for 30 min at 118°C was the optimum treatment to increase DUAA.
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Toasting significantly increased the fraction of rumen undegraded amino acids (Table
5). Since there were no interactions between AA and T or D, effects of toasting
conditions among AA were similar. This suggests, that toasting has lead to an
alteration of the overall protein structure, rather than modifying protein degradability of
specific AA, such as Lys due to Maillard reactions (Cleale IV et al., 1987). This is
consistent with the rather small effect onADIN after toasting at 132°C (Goelema etal.,
1998a), but inconsistent with the decreased Lys concentration after toasting at 118 and
136°C. Thus, it was concluded that effects on protein degradability were predominantly
caused by denaturation, while at higher temperatures, Maillard reactions may have
occurred as well. This was confirmed by the observed increased brown coloring of the
samples and the decreased Lys content after toasting at 136°C
Masoero et al. (1994) reported higher intestinal digestibility for AAN compared to N.
This was consistent with our results before correction for contamination. However,
corrected AAN intestinal digestibility was significantly larger than uncorrected N
digestibility. Total tract AA digestibility of canola meal decreased after autoclaving for
45 min, but was not reduced after treatment for 15 min (Mostaghi Nia and Ingalls,
1995). This is consistent with our results after prolonged toasting (> 15 min) at 118
and 136°C (Table 6).
Total tract digestibility was similar for uncorrected AAN and N (results not shown), but
was significantly higher for corrected AAN compared to uncorrected N. Therefore,
uncorrected Ndigestibility will underestimate the digestibility. On the other hand, the
mobile nylon bag digestibility will overestimate the small intestinal digestibility, since it
also includes digestion inthe large intestine (Mostaghi Nia and Ingalls, 1995). Since
autoclaving for 45 min at 127°C increased the AA digestion in the large intestine, this
might also be an explanation for the increased total intestinal digestibility after toasting.

The increments of DUAA are much larger in our study than those found by Mostaghi
Nia and Ingalls (1995) for canola meal. Toasting at 118° for 15 min was more effective
in increasing DUAA than autoclaving for 15 min at 127°C canola meal. This may be
related to the higher degradability of lupins compared to the canola meal (which has
undergone an atmospheric toasting treatment after oil-extraction), as well as to the

In situ degradability and digestibility of amino acids in toasted lupins

155

difference in sensitivity to heat treatments between lupins and canola. This is
consistent with the results we obtained after toasting of lupins and fuIIfat rapeseed ina
previous study (Goelema et al., 1995).

Conclusions
Toasting significantly decreased rumen degradability of AAN by decreasing its W and
kd.The most intensive treatment slightly decreased the total tract digestibility of AA. As
a result, the amount of intestinal digestible AA substantially increased. For most AA,
toasting for 30 min at 118°C resulted in the highest increase of DUAA, or a result
which was similar to treatment at 136°C.
Since processing conditions affected degradability of individual AA in a similar way, it
was concluded that toasting predominantly resulted in denaturation of lupin protein,
rather than altering protein degradability of some specific AA preferentially, for instance
via Maillard reactions.
Using DAPA as a microbial marker revealed contamination of some dried toasted
lupins, as well as contamination of in situ incubation residues. Based on the increased
contamination in oven dried residues after washing and rumen incubation, and the
lower contamination after freeze-drying of rumen incubation residues it was concluded
that freeze-drying could overcome a substantial part of the contamination.
Correction for microbial contamination resulted in a higher AAN degradability
compared to uncorrected Ndegradability, as well as in a other ranking of treatments
with respect to degradability of individual amino acids. Neglecting the contamination
therefore may result in misinterpretation of the effectivity of treatments.
Acknowledgements
The authors wish to express their gratitude to the staff of the laboratory of the Animal
Nutrition group, in particular Ms. G. Post for the amino acid analysis, and to the staff of
the experimental farm "De Ossekampen" ofWageningen Agricultural University and to
the staff of the metabolism unit at ID-DLO in Lelystad for their assistance throughout
the experiment. The financial support from the Dutch Commodities Board for
Feedstuffs is gratefully acknowledged.

156

Chapter 5

References
Aldrich, C.G., N.R. Merchen, DR. Nelson and J.A. Barmore, 1995. The effects of roasting temperature
applied to whole soybeans on site of digestion by steers: II. Protein and amino acid digestion. J.
Anim. Sci., 73: 2131-2140.
Ashes, JR., J.L. Mangan and G.S. Sidhu, 1984. Nutritionally availability of amino acids from protein
cross-linked to protect against degradation in the rumen. Br. J. Nutr., 52: 239-247.
Beckers, Y., A. Thewis, B. Maudoux and E. Francois, 1995. Studies on the in situ nitrogen degradability
corrected for bacterial contamination of concentrate feeds in steers. J. Anim. Sci., 73: 220-227.
Benchaar, C , M. Vernay, C. Bayourthe and R. Moncoulon, 1994. Effects of extrusion of whole horse
beans on protein digestion and amino acid absorption in dairy cows. J. Dairy Sci., 77: 1360-1371.
Boila, R.J. and JR. Ingalls, 1992. In situ rumen digestion and escape of dry matter, nitrogen and amino
acids in canola meal. Can. J. Anim. Sci., 72: 891-901.
Broderick, G.A. and N.R. Merchen, 1992. Markers for quantifying microbial protein synthesis in the
rumen. J. Dairy Sci., 75: 2618-2632.
Cleale IV, R.M., T.J. Klopfenstein, R.A. Britton, L.D. Satterlee and S.R. Lowry, 1987. Effects of factors
controlling non-enzymatic browning on in vitro ammonia release. J. Anim. Sci., 65: 1312-1318.
Crooker, B.A., J.H. Clark, R.D. Shanks and E.E. Hatfield, 1986. Effects of ruminal exposure on the
amino acid profile of heated and formaldehyde-treated soybean meal. J. Dairy Sci., 69: 2648-2657.
Cros, P., R. Moncoulon, C. Bayourthe and M. Vernay, 1992. Effect of extrusion on ruminal and
intestinal disappearance of amino acids in white lupin seed. Can. J. Anim. Sci., 72: 89-96.
CVB, Centraal Veevoeder Bureau, 1998. Veevoedertabel. Gegevens over chemische samenstelling,
verteerbaarheid en voederwaarde van voedermiddelen, mei 1998.
Dakowski, P., M.R. Weisbjerg and T. Hvelplund, 1996. The effect of temperature during processing of
rapeseed meal on amino acid degradation in the rumen and digestion in the intestine. Anim. Feed
Sci. Technol., 58: 213-226.
Derbyshire, E., D.J. Wright, and D. Boulter, 1976. Review. Legumin and vicilin, storage protein of
legume seeds. Phytochem. 15: 3-23.
Erasmus, L.J., P.M. Botha, C.W. Cruywagen and H.H. Meissner, 1994. Amino acid profile and intestinal
digestibility in dairy cows of rumen-undegraded protein from various feedstuffs. J. Dairy Sci., 77:541551.
Ganev, G.E., E.R. 0rskov, E.R. and R.M. Smart, 1979. The effect of roughage or concentrate feeding
and rumen retention time on total degradation of protein in the rumen. J. Agric. Sci, Camb. 93:651656.
Gdala, J., A.J.M., Jansman, P. van Leeuwen, J. Huisman and M.W.A. Verstegen, 1996. Lupins (L
luteus, L albus, L angustifolius) as a protein source for young pigs. Anim. Feed Sci Technol., 62:
239-249.
Goelema, J.O., G. Hof, A.F.B. van der Poel and S. Tamminga, 1995. Influence of pressure toasting and
flaking on nutritive value of lupins and rapeseed for dairy cows. Research report WAU 3229,
Wageningen Institute of Animal Sciences (WIAS), Animal Nutrition group, pp. 24.
Goelema, J.O., M.A.M. Spreeuwenberg, G. Hof, A.F.B. van der Poel and S. Tamminga, 1998a. Effect of

In situ degradability and digestibility of amino acids in toasted lupins

157

pressure toasting on the rumen degradability and intestinal digestibility of whole and broken peas,
lupins and faba beans and a mixture of these feedstuffs. Anim. Feed Sci. Technol., 76: 35-50.
Goelema, JO., B.H.G. Boswerger, I. van Deurzen and G. Hof, 1998b Effect of various conditions during
pressure toasting on rumen degradability and intestinal digestibility of faba beans, peas, lupins and
soybeans. 1. In situ degradability and digestibility of protein. J. Dairy Sci., submitted.
Hill, G.D., 1977. The composition and nutritive value of lupin seed. Nutr. Abstr. Rev. B., 47: 511-529.
Hsu, J.T. and L.D. Satter, 1995. Procedures for measuring the quality of heat-treated soybeans. J.
Dairy Sci., 78: 1353-1361.
Masoero, F., L. Fiorentini, F. Rossi and A. Piva, 1994. Determination of nitrogen intestinal digestibility in
ruminants. Anim. Feed Sci. Technol., 48: 253-263.
Moss, A.R., D.I. Givens, H.F. Grundy and K.P.A. Wheeler, 1997. The nutritive value for ruminants of
lupins seeds for determinate plants and their replacement of soybean meal in diets for young
growing cattle. Anim. Feed Sci. Technol., 68: 11-23.
Mostaghi Nia, S.A. and JR. Ingalls, 1995. Influence of moist heat treatment on ruminal and intestinal
Disappearance of amino acids from canola meal. J. Dairy Sci., 78: 1552-1560.
Moore, S. 1963. On the determination of cysteic acid. J. Biol. Chem., 238: 235-237.
Robinson, PH., J.G. Fadel and S.Tamminga, 1986. Evaluation of mathematical models to describe
neutral detergent residue in terms of its susceptibility to degradation in the rumen. Anim. Feed Sci.
Technol, 15: 249-271.
SAS/STAT(R) Users's Guide, 1989, version 6, fourth Edition, vol. 2, SAS Institute Inc. Cary, NC, p. 846.
Satter, L.D., 1986. Protein supply from undegraded dietary protein. J. Dairy Sci., 69: 2734-2749.
Schroeder, G.E., L.J. Erasmus, H.H. Meissner, 1996. Chemical and protein quality parameters of heat
processed sunflower oilcake for dairy cattle. Anim. Feed Sci. Technol., 58: 249-265.
Storm, E. and E.R. 0rskov, 1983. The nutritive value of rumen micro-organisms in ruminants. 1. Largescale isolation and chemical composition of rumen micro-organisms. Br. J. Nutr., 50: 463-470.
Susmel, P., B. Stefanon, C.R. Mills and M. Candido, 1989. Change in amino acid composition of
different protein sources after rumen incubation. Anim. Prod., 49: 375-383.
Tamminga, S., W.M. van Straalen, A.P.J. Subnel, R.G.M. Meijer, A. Steg, C.J.G. Wever en M.C. Blok,
1994. The Dutch protein evaluation system: the DVE/OEB system. Livest. Prod. Sci., 40: 139-155.
Oklahoma State University, November 19-21, 1980, pp. 10-22.
Varvikko, T. and J.E. Lindberg, 1985. Estimation of microbial nitrogen in nylon-bag residues by feed 15N
dilution. Br. J. Nutr., 54: 473-481.
Varvikko, T., 1986. Microbially corrected amino acid composition of rumen-undegraded feed protein and
amino acid degradability in the rumen of feeds enclosed in nylon bags. Br. J. Nutr., 56: 131-140.
Weakley, D C , M.D. Stern and L.D. Satter, 1983. Factors affecting disappearance of feedstuffs from
bags suspended in the rumen. J. Anim. Sci., 56: 493-507.
Weisbjerg, MR., T. Hvelplund, S. Helberg, S. Olsson and S. Sanne, 1996. Effective rumen
degradability and intestinal digestibility of individual amino acids in different concentrates determined
in situ. Anim. Feed Sci. Technol., 62: 179-188.

CHAPTER 6

Effect of various conditions during pressure toasting on rumen
degradability and intestinal digestibility of faba beans, peas,
lupins and soybeans

4. IN SITU DEGRADABILITY AND DIGESTIBILITY OF
STARCH IN FABA BEANS AND PEAS

J.O. Goelema, M. Roth, I.van Deurzen, P. Yu and A.F.B. van der Poel

Animal NutritionGroup,
Wageningen Institute ofAnimal Sciences(WIAS),
WageningenAgriculturalUniversity,
P.O. Box 338, 6700AH Wageningen, The Netherlands

Journal of Dairy Science, submitted

160

Chapter 6

Effect of Various Conditions during Pressure Toasting on Rumen Degradability
and Intestinal Digestibility of Faba Beans, Peas, Lupins and Soybeans
4. In situ degradability and digestibility of starch in faba beans and peas
J.O. Goelema, M.R. Roth, I. van Deurzen, P. Yu andA.F.B. van der Poel

Abstract
The effects of various combinations of processing time and temperature during (pressure) toasting on the
digestive behaviour of starch of faba beans and peas were studied. Whole seeds were treated at 100, 118
or 136°C for 3, 7, 15 and 30 min. Untreated samples were used as controls. Ground samples were
incubated in the rumen and intestines of dairy cows to measure in situ rumen undegraded intake starch
(%UIS) and intestinal digestible rumen undegraded starch (DUS).
The treatments significantly increased %UIS, by decreasing the washable fraction (W) and the rate of
degradation (ka). Effects of processing conditions were not significant for total tract starch digestibility
(%TDS) and intestinal digestibility ofstarch (%DUS), butvalues were higher aftertoasting. Values for%TDS
and %DUS, as measured by mobile nylon bag incubations, were low compared to in vivo results from
literature. The largest increase of %UIS and DUS was observed after toasting for 15 min at 136°C. Using
standard procedure forcalculating starch degradability, %UIS increased by 80 and 57%forfaba beans and
peas, respectively, while for DUS increases were 87 and 49%. The effects on %UIS were inconsistent with
the increased degree of gelatinization after toasting, measured either in vitro or with differential scanning
calorimetry (DSC). The latter results showed that toasting, especially at 136°C, resulted in a considerable
gelatinization of starch.
Toasting changed the distribution of starch over different particle size classes, as was determined by wet
and dry sieve analysis. The fraction of starch inthe particles <71//m decreased after toasting, which was
consistent with the large decrease of W. The filter solubility (FS) of starch was much smaller than W, and
was only slightly decreased after toasting. The use of FS instead of W (the standard procedure) in the
calculation of %UIS resulted in a drastic decrease of the effect of toasting on %UIS. Based on the strong
correlation between the rumen undegraded protein (%UIP) and %UIS and the results of sieve analysis it
was concluded that denaturation of the protein matrix as well as the change in the distribution of starch of
the particles were responsible for the increase of %UIS and DUS.
Key words: Pressure toasting, Peas, Faba beans, Starch degradability, Digestibility, Gelatinization
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Introduction
Several studies in literature have shown that heat treatments can be used successfully
to increase the amount of rumen undegraded protein ofvarious protein sources. Studies
of effects of processing on starch degradability were mainly set up to increase rumen
degradability ofcornandsorghum starch (Theurer, 1986;Owens etal., 1986). Previously,
we showed (Goelema etal., 1998a),that pressure toasting for 3minat 132°C was avery
effective method to reduce the insitu degradability of legume seed protein and starch in
ruminants. For protein, these results were in agreement with those of other studies on
legume seeds (Aguilera et al., 1992; Sommer et al., 1994; Singh et al., 1995). Most
studies also showed that heat treatments, such as for instance extrusion, increased the
in situ starch degradability (Walhain et al., 1992; Focant et al., 1990). Sommer et al.
(1994), onthe other hand, reported adecreased invitro starch degradability offield peas
after dry heat treatment at 90, 110 and 130°C and also after moist heat treatment at
90°C. However, moist heat treatment at 110 and 130°C increased starch degradability.
Since a detailed description ofthe treatments and of the in vitro method was not given,
it is difficult to relate these effects to other results from literature.
Goelema et al. (1998a) hypothesized that the in situ starch degradability decrease was
related to the decrease of the protein degradability. Moreover, the specific conditions
during pressure toasting (the low moisture level andthe absence of mechanical damage
during processing) may impose physical changes onthe starch structure that result ina
decrease of the starch degradability. Furthermore, it was unknown to what extent the
processing temperature or time used in the previous experiment was important in
explaining these effects.
Inthis study, the effects of temperature and residence time during pressure toasting of
faba beans and peasontheinsitu rumendegradability and intestinal digestibility ofstarch
are evaluated. In previous papers, effects on the protein degradability and digestibility
(Goelema et al., 1998b) and onrelated laboratory measurements for protein (Goelema et
al., 1998c) are described.
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Materials and methods
Samples andtreatments
Faba beans (Vicia faba cv. Alfred) and peas (Pisumsativum) were heat processed ina
laboratory scale pressurized toaster (Van der Poel et al., 1990). The seeds were toasted
at 100°C for 7, 15 or 30 min; at 118°C for 3, 7,15 or 30 min, or at 136°C for 3, 7 or 15
min.Treatments were repeated ontwoconsecutive days.Aftertoasting, thesamples were
oven-dried at 35°C for 16 h. Untreated samples ofthe feedstuffs were used as controls.
Table 1 Chemical composition of untreated faba beans and peas.
Faba beans
Dry matter (g/kg)

887.3

Peas
883.6

In dry matter (g/kg1)
Organic matter

959.8

966.5

Crude protein

312.1

249.8

11.4

11.8

Crude fat
Crude fibre

82.1

53.6

Starch

417.2

491.2

Neutral detergent fibre

119.9

97.8

Acid detergent fibre

116.7

71.9

13.9

7.6

Acid detergent lignin

In situincubations
Rumen incubations were carried out with nylon bags (40//m pore size) for 0 (blank), 2,
4, 8, 12,24 and 48 h, according to Dutch standard methods (CVB, 1996). Before rumen
incubation, samples were ground (3 mm screen, Retsch centrifugal mill). Four rumencannulated, lactating Holstein cross Friesian cows were used for rumen incubation. Two
other lactating Holstein cross Friesian cows, fitted with a cannula in the proximal
duodenum, were usedto measure intestinal protein digestibility withthe mobile nylon bag
technique. Moredetailsontheprocedures forrumenincubations andintestinal incubations
have been described by Goelema et al. (1998b).
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Physico-chemical analyses
Total starch and starch degree of gelatinization were determined enzymatically, as
described by Goelema et al. (1998a). All other chemical analyses and solubility
measurements were carried out as described by Goelema et al. (1998b).
Denaturation enthalpy (dH) ofthe samples was determined by DSC induplicate, using a
Mettler-Toledo DSC12-E, asdescribed byThomas etal.(1998). Onset (T0),peak (Tp)and
endset temperature (Te) of the denaturation peaks were determined as described by
Goelema et al. (1998b). The <JH was calculated by integration of the peak surface (from
T0toTe), using the Mettler system TA89E software package. The <JH isameasure forthe
amount of native starch present inthe sample. Thus, adifference in<$H between toasted
and untreated samples represents the degree of gelatinization to the heat treatment.
Particle size distribution of the 3 mm ground samples, also used for in situ incubations,
wasdetermined bywetanddrysieveanalysis (RetschAS200),asdescribed byGoelema
et al. (1999). Only the untreated seeds and the seeds toasted for 15 min at 136°C were
analyzed.
Sieve fractions were analyzed for DMand starch andwere expressed asafraction ofthe
starch content ofthe sample. Ifsievefractions were insufficient toanalyse, samples were
pooled with other fractions. The fraction <71//m after wet sieve analysis was calculated
by subtraction. For wet sieve analysis, the filter solubility procedure (Weisbjerg et al.,
1990) was used to divide the fraction <71//m intothe ('soluble') fraction <8//m andthe
fraction of particles between 8 and 71 //m. The distribution of starch over the sieve
fractions was used tocalculate anapparent mean starch particle size (X50starch), using the
logarithmic normal distribution as described by Waldo et al. (1971).
Calculation of degradability anddigestibility
Starch was classified intotwofractions: areadily available fraction (W), measured asthe
fraction disappearing after washing (0 hincubation) and apotentially degradable fraction
(D = 100 - W). The fractional rate of degradation of the D fraction (kd, in %/h) was
calculated using a first order degradation model, without a lag time, as described by
Robinson et al. (1986). Rumen undegraded intake starch (%UIS) was calculated for the
Dutch standard outflow rate (kp) of6%/h (equations 1and 2), according toTamminga et
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al. (1994). It was assumed that 10% of W of starch escapes rumen fermentation
(Tamminga et al., 1994).
%UIS
UIS (g/kg DM)

= 0.1 * W + D * ( k p / ( k p + k d )

(1)

= %UIS /100 * starch

(2)

The starch residue remaining after intestinal incubations (IS, in g/kg DM), was used to
calculate total starch digestibility (%TDS) as a fraction of starch (in g/kg DM) and as a
fraction ofthe undegraded intake starch (%DUS), using equations 3trough 5(Tamminga
etal., 1994).
%TDS

= 100 * (starch - IS) / starch

(3)

%DUS

= 100 * (UIS - IS) / UIS

(4)

DUS (g/kg DM) = UIS * %DUS

(5)

Statisticalanalysis
Analysis of variance was conducted using the General Linear Models (GLM) procedure
of SAS (SAS, 1989) with equation 6. Treatment means were compared pairwise using
Tukey's HSD-test (P <. 0.05).
Yjj

=fj + Treatmentj + D\ + ^

(6)

where, YSj is the dependent variable under examination (W, kd, %UIS, %TDS, %DUS,
DUS),/j the overall mean,treatmentthetreatment effect (i= 1 -11), Dtthe treatment day
effect (j = 1,2) and eti the residual error term.
Linear correlations were analyzed withprocCORR (SAS, 1989).Regression analysis was
carried out with the GLM procedure, using equation 7 (SAS, 1989), after omitting the
untreated controls from the dataset. For regression, processing temperature was linearly
transformed into increments from 100°C (i.e. 0, 18 and 36). If possible, models were
reduced in complexity by excluding non-significant quadratic effects (P > 0.10).
YB

= o + D , + S, X , + R 2 X 2 + 6 3 (X, x X 2 ) + B4 X, 1 + R5 X 2 2 + e^

(7)
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where, Yy is the dependent variable under examination (W, kd,%UIS, %TDS, %DUS,
DUS), athe intercept, D;the treatment day effect (i= 1,2),X, the temperature increment
(in CC), X2 the residence time (in min), B, the linear effect of temperature, B2the linear
effect of time, B3 the interaction of time and treatment, B4 the quadratic effect of
temperature, Q>5 the quadratic effect of time and eathe residual error term (j = 1-11).
Table 2 List of abbreviations used in the paper.

Abbreviation

parameter

CP

crude protein content (N x 6.25, g/kg DM)

D

potentially degradable fraction (%)

DM

dry matter content (g/kg)

DUS

intestinal digestible UIS, as % of UIS or in g/kg DM

DVE

intestinal absorbable protein (g/kg DM)

dH

DSC gelatinization enthalpy (J/kg starch)

FS

filter soluble fraction (%)

IS

indigestible starch (g/kg DM)

kd

fractional degradation rate (%/h)

kp

fractional outflow rate (%/h)

SEM

standard error of the mean

SGD

starch gelatinization degree (in %)

TDS

total digestibility of starch (in %)

Te

DSC endset temperature (°C) of gelatinization

T0

DSC onset temperature (°C) of gelatinization

Tp

DSC peak temperature (°C) of gelatinization

UIS

rumen undegraded intake starch, as % of starch content

W

washable fraction (%)

X5o siarch

apparent mean starch particle size (//m)

Results
Starch degradability, digestion andgelatinization
Table 2gives anoverview oftheabbreviations used inthepaper. Toasting decreased the
W of starch of faba beans (Table 3) and peas (Table 4), especially at higher toasting
temperatures. This effect was largely responsible for the increase of %UIS, although for
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faba beans, the lower kdwas also associated with the increased %UIS.
For faba beans and peas, the processing temperature linearly decreased W, while time
was quadratically related to W. For the kd of starch in faba beans, the effect of
temperature and time during processing was linear, while for starch in peas a quadratic
relation with temperature was found.
The %TDS and %DUS were not significantly affected by different conditions during
toasting, but %TDS and %DUS were higher after toasting.
DUS significantly increased after processing. For faba beans, there was a significant
interaction effect of processing time and temperature. For peas, temperature linearly
affected DUS.The degree of starch gelatinization was mainly affected by toasting at
136°C. This explained the significant interaction between temperature and time during
processing (Tables 3,4), as well as a quadratic effect of temperature. SGD slightly
decreased after toasting at 100°C and 118°C (not significant), but significantly increased
after toasting at 136°C. At this temperature, an increased processing time resulted inan
increase of SGD.
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Table 3 Effects of pressure toasting on starch degradation and digestion characteristics and starch
gelatinization degree (SGD) of faba beans1.

W

K

UIS

TDS

DUS

DUS

SGD

(%)

(%/h)

(%)

(%)

(%)

g/kg DM

(%)

Treatments :
untreated

58.6a

4.68

29.2"

86.3

52.9b

64.3'

8.1 cd

100/7

54.2ab

4.51

31.6de

91.3

72.6ab

95.5de'

6.2d

5.18

31.2

de

88.3

ab

32.7

de

34.8

de

2

100/15

abc

51.4

100/30

51.1

118/3

453

118/7

abc

bcd

40.4

cde

4.66
4.84
4.73

37.4

cd

4.08

6.7d

142.1ab0

7.7d

ab

43.9"
ab

1 3 1

gbcd
ab

10.7bc

136/7

25.9'

9

3.87

47.7

87.6

74.1

150.5

12.4"

136/15

20.79

3.44

52.5a

91.8

84.5a

184.0a

15.3a

SEM

2.58

0.14

1.61

0.59

1.95

7.23

0.66

Treatment day3

NS

NS

NS

NS

NS

NS

NS

Temperature

***
*

***
*
-

***
**

NS

NS

NS

*

NS

NS

NS

+

+

NS

NS

*

-

-

**
*
-

***
***
"

Time
Time x temp.

NS

Temp x temp

-

Time x time

1

For abbreviations see table 2. Within columns, different superscripts indicate significant differences (P < 0.05,
Tukey's HSD-test).

2

Codes denote the processing temperature (in °C) and the processing time (in min) e.g. the 100 7treated seeds
have been toasted for 7min at 100°C.
Probabilities: NS=P>0.1; +=P< 0.1;*=P < 0.05; **=P < 0.01;***=P < 0.001, -:excluded fromthemodel.

3

6.7d

1 9 9 obcde

72.2

43.5bc

5.5d
6.8d

87.8

3.87

98.7

cdef

ab

ab

34.1 de '

104.2

5.6d

74.4

77.6ab

118/30

cdef

115gbcde

90.2

42.3

81.7 '

ab

69.0

3.60

31.5

90.4

67.7

ab

86.8

38.5de

136/3

88.8

74.5

ab

bc

118/15

e,g

91.7

62.6

e
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Table 4 Effects ofpressure toasting on starch degradation and digestion characteristics and invitro starch
gelatinization degree (SGD) of peas1.

Treatments2:
untreated

W

K

UIS

(%)

(%/h)

(%)

4.61

32.3e

52.2a

100/7

45.2

100/15

-

100/30
118/3

ab

43.4
40.1

ab

abc

118/7

34.I * *

TDS

e

(%)

(%)

84.5

51.8b
62.5

-

-

-

-

4.55
3.87
4.17

c e

36.6 "

bcae

40.5

42.4

abcd

4.63

43.9

118/30

23.7*"

4.24

47.2ab

136/3

2 1

4.42

47.3ab

4.75

ab

15.8 '

(%)

87.3

118/15

136/7

SGD

34.0°

cde

6

DUS
g/kg DM

5.17

272

gdef

DUS

abc

48.6

a

86.4
85.6

ab

81.0e
102.0

de

62.7
64.6

ab

10.2C
10.0C

ab

11.5C

cde

8.9C

bcde

11.8°

109.4

125.3
142 4 abca

69.3

ab

87.0

70.0

ab

86.4

70.9ab

162.5abc

12.9C

89.9

78.7a

179.4ab

25.4"

87.1

a

174.1 ab

28.5"

87.0

73.6

136/15

11.1'

4.79

50.6

89.4

79.0

SEM

2.95

0.11

1.42

0.43

1.87

a

146.7

abca

190.3
8.00

a

12.6C
11.8°

39.0a
2.06

Treatment day3

NS

NS

NS

NS

NS

NS

NS

Temperature

*

***

NS

*

...

**

Time

...
*

NS

NS

NS

NS

NS

+

Time x temp.

NS

NS

NS

NS

NS

NS

Temp, x temp.

-

-

-

-

+

*
~

-

Time x time

-

_

..
...
-

-

For abbreviations see table 2. Within columns, different superscripts indicate significant differences (P < 0.05,
Tukey's HSD-test).
For treatment codes see table 3.
For probability levels see table 3.
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Toasting significantly affected the DSCgelatinization characteristics (Table 5).Compared
to the untreated faba beans and peas, the residual enthalpy (<5H)decreased, especially
after toasting at 136°C. Concomitantly, the T0,Tp and Te increased.
Table 5 Effects of pressure toasting on starch gelatinization of faba beans and pea1, as measured by
differential scanning calorimetry (DSC).

Faba beans

T„

T.
°C

TP
°C

°C

Peas
SH

T„

J/g starch

°C

TP
°C

Te

<JH

°C

J/g starch

Treatments2
untreated
100/7
100/15

62.7°*

71.6e

81.1 d

5.0a

60.8s'

68.6h

77.7e

4.9a

cd

72.9

de

d

a

9

68.9

h

e

4.2ab

73.7

de

70.6

9

de

3.9abc

74.0

ae

cde

4.3ab

cde

3.9abc

62.2

62.4

d

62.5

cd

118/3

62.6

cd

118/7

63.7bc

75.6bc

118/15

64.5"

ab

118/30

a

100/30

66.4

74.5
77.1

de

79.0

a

81.4
82.2

d

cd

81.4"
82.6bcd
84.6

ab

86.4

a

4.4

abc

4.6
4.1

ab

abc

4.1 abc

58.0

9

59.4'

9

60.4*

78.5
80.3

9

72.1'

80.4

61.3'

74.9e

84.4bcd

59.4'

3.9
4 2abc

g 3 4 cde

3.1"*

63.7

cd

67.1

ab

abcd

71.9'

77.8

65.3

bc

76.2

d

C

77.2

de

4.0abc

abc

36bcd

abc

r\ocde

ab

2.5de

85.3
86.2

4.3ab

bc

66.0

136/7

66.1

a

136/15

71.0a

79.1 a

89.1 a

2gcd

69.7a

81.8a

91.7a

1.6e

SEM

0.56

0.57

0.56

0.19

0.76

0.87

1.01

0.20

Treatment day3

NS

NS

NS

NS

***
*
*
"
"

NS
NS

NS

NS
NS

NS
NS

NS

Temperature
Time
Temp, x time
Temp, x temp.

***
***
*
***

***
*

NS

Time x time

***
***
~

77.4

79.1

a

84.3

abc

4.9

a

136/3

ab

80.7

85.3

*
**
*
+

a

2.4

d

***
*
+

-

**
*
*
**

75.4

78.5

b

85.9

89.1

NS

*

**
**
...
~

For abbreviations see table 2. Within columns, different superscripts indicate significant differences (P <0.05,
Tukey's HSD-test). ND: notdetected.
For treatment codes see table 3.
For probability levels see table 3.
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Particle size
Results ofsieve analysis (Table 6)showed,thatfortoasted faba beans and peas ahigher
proportion ofstarch was inthe coarser feed particles (Table 6).The larger contribution of
the fraction of particles < 71jwm after wet sieve analysis resulted in considerable
differences between the results ofdry and wet sieve analysis. However, the effect ofthe
treatment on the distribution of starch over the dry and wet sieve fractions was similar.
Toasting resulted in a significant decrease of the contribution of the starch fraction of
particles < 71 //m. Wet sieve analysis showed, that toasting resulted in a shift from
particles of 8 to 71//m to particles of 71 to 160 //m.
For untreated faba beans and peas,the fraction <71//m contained 62.6% and 60.1% of
the starch, respectively. After toasting, thisdecreased to34.8% and27.7% ofthestarch.
The shift inthe starch distribution over the different size classes after wet sieve analysis
resulted in a significant increase of the X50starch. For both types of sieve analysis, faba
beans and peas had a similar X50starch before, as well as after toasting.
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Table 6 Effects of pressure toasting of faba beans and peas on the starch distribution over different
particle size classes1.

Faba beans

Type of sieve analysis

Dry

Peas
Dry

Wet

U2

T2

U

T

U

T

U

T

(%)

(%)

(%)

(%)

(%)

(%)

(%)

(%)

_

8.1 a

10.6b

-

-

7.6

14.5

52.6a

13.2b

60.1 a

27.7"

8 - 71 fjm

-

_
-

< 71 //m

32.4a

a
28.0" 62.6 34.8"

< 8fjm (filter solubility)

Wet

54.6

a

a

24.1 b

33.5a
a

20.7b

19.9"

3.6

16.3

0.5a

26.8b

0.9a

2.8b

5.4

6.5

1.0

6.1

a

b

71 - < 160 pm

4.7

9.7

0.6

160 - < 315 //m

5.7

5.5

b

a

315 - < 630//m

11.8

11.9

3.9

6.8

12.3

12.8

4.0

630 - < 1250 //m

31.5

32.3

14.2

17.2

31.5

31.6

14.4

6.4"

1250 - < 2500 /urn

14.0

12.6

17.5

18.5

13.5

12.1

19.6

17.3

> 2500

0.0

0.0

0.3

0.1

0.0

0.0

0.2

0.1

SEM2

7.67

7.95

5.48

7.49

7.64

8.44

5.84

7.49

Xso.starch ( Z " 1 1 )

283

286

15a

167b

275

308

21 a

192b

15.7

Different superscripts aand bindicate significant (P < 0.05) differences between untoasted (U) and toasted (T,
pressure toasted for 15min at 136°C) samples, within type of sieve analysis.
Standard error ofthe mean, pooled over the fractions from <71to ^ 2500fim.
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Solubility
The filter solubility (FS) of starch increased after toasting (Table 7), but this was only
significant for faba beans. On the other hand, the W decreased after toasting. The
difference between W and FS represents the fraction of undegraded particles which are
lost from the bags during washing. Taking FS as the fraction immediately available for
fermentation, andassuming thatthewashable, non-soluble particles havethe samekd as
the particles remaining in the bags resulted in a much higher %UIS for the untreated
seeds. Forthe toasted seeds, however, the correction was much smaller. Consequently,
the effect of toasting on %UIS diminished after this correction (Table 7).
Table 7 Effects of pressure toasting on solubility and corrected starch degradability of faba beans and
peas1.

Faba beans

u
(%)
Parameter
W (%)
FS (%)

K

1

T

58.6"
8.1

Peas

a

4.68
a

%UIS

29.3

%UISC

52.9

U

T

(%)

SEM

(%)

(%)

20.7"

11.0

52.2a

11.1"

11.9

10.6"

0.73

7.6

14.5

2.10

3.44

0.54

4.61

4.79

0.15

a

SEM

b

52.5"

6.77

32.3

50.6

57.9

2.50

53.1

49.0

5.32
1.31

%UISC = undegraded intake starch calculated using FS instead of standard procedures. Different superscripts
indicate significant (P <, 0.05) differences between untoasted (U) and treated (T, toasted for 15 min at 136°C)
samples.

Discussion
Chemical composition, starch degradability anddigestion
The chemical composition of the untreated faba beans and peas (Table 1) was in
agreement withtabular values (CVB, 1998)andthose reported inother studies (Dixon and
Hosking, 1992; Goelema et al., 1998a). Toasting affected neither protein nor starch
content of the seeds (results not shown).
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Starchdegradability varies betweenfeedstuffs (Tamminga etal., 1990) dueto differences
in granular size, granular form, amylose to amylopectin ratio and the related degree of
crystallinity, as well as due to differences in surface structure and composition of the
layers surrounding the granules (Colonna, 1992; Gallant et al., 1992). Processing affects
the digestive behaviour of starch by changing its granular structure and by changing
particle size.
Inour study, rumen degradability and intestinal digestibility of untreated faba beans and
peas was very similar, which is in agreement with the resemblance in chemical
composition, in the composition oftheir isolated starch granules (an amylose content of
33% and 0.1%lipids for both seeds and 0.9 0.7% protein g for faba beans and peas,
respectively (Colonna et al., 1992), aswell as in the gelatinization properties measured
by DSC (Wolters and Cone, 1992)).
Pressure toasting increased %UIS for both legume seeds, mainly by decreasing W. The
decrease of W and the increase of %UIS were consistent with results from a previous
study (Goelema et al., 1998a).
A large part ofthe effect oftoasting onW and, consequently, on %UIS was related tothe
change in starch distribution overthe different particle size classes after toasting. Drying
and storage of the toasted samples may have led to retrogradation of the gelatinized
starch (Kayisu and Hood, 1979; Dreher etal., 1984). Since retrograded starch is difficult
to solubilize, this may decrease W as well. Toasting especially affected the contribution
of the particles < 71 //m to the starch distribution. Assuming that this fraction is
comparable tothefraction disappearing fromthe nylonbagsafter incubation andwashing,
thisimmediately stresses theimportance oftheavailability ofthisfraction forfermentation.
Goelema etal. (1998a)assumed that 90%oftheWfraction was immediately available for
fermentation. Results of Nocek and Tamminga (1991) previously showed that this
assumption resulted in a reasonable correlation between in situ and in vivo results for
starch degradability, which was later confirmed by Sauvant et al. (1994). The results of
the present study show, that the corrected washable fraction (0.9 x W) largely exceeds
the FS of starch (Table 7).
Goelema et al. (1998a) attributed the decreased W to a decreased swelling power and
solubility of starch. The results ofthe present study, however, show that compared toW,
FS of starch only slightly decreased after toasting for 15 min at 136°C (Table 7).
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When the FS instead ofW was assumed to bethe readily available fraction, %UIS was
only slightly affected bytoasting. The differences between FSand W agreed with results
of Lund and Tothi (unpublished results). These authors observed a large difference
between the FSandtheso-called afraction (the intercept fromthe degradation curve) for
barley and maize. Intheir study, FSdecreased after expander treatment from 6to 3%for
barley and maize, andfrom 17to7%, respectively, while aincreased from 49to67%and
from 22 to 32%
For starch-rich feedstuffs, such as faba beans and peas, the filtration method may lead
to an underestimation of the solubility, due to gelling of starch during solubilization. The
layer of solubilized starch surrounding the starch containing particles is not removed
during the measurement, since no stirring action was used. Washing in a washing
machine probably removes this layer and thus facilitates further solubilization. Insoluble
particles <40//m may also leave the bags during washing.
Based onthe conflicting results forW and FS and the large impact of it on %UIS, it was
questioned whethertheinsitumethodwassuitableformeasuring starchdegradability and
for studying the effects of processing on starch degradability. Apart from the statistical
inferences with respect todegradability originating fromthedifference between WandFS
(Dhanoa et al., 1996), the most important question is, whether the starch lost from the
bags isvery rapidly available, aswas assumed for Nlostfromthe bags (Tamminga etal.,
1994). Others, however, assumed that thesmall particles have adegradation rate similar
tothat ofthe particles remaining inthebags (Weisbjerg etal., 1990; Madsenet al., 1995).
The latter assumption leads to a lower rumen degradability. Since native starch is
insoluble in cold water, the washable fraction consists mainly of soluble sugars,
oligosaccharides and granules which are damaged bygrinding. Itwas assumed that this
fraction can be hydrolyzed at a much faster speed compared to the starch which is still
embedded in the protein matrix.
The degradation rate ofthe washable, insoluble particles is unknown. Therefore it is not
known whether %UIS can be calculated based on FS, or by using the standard formula
from equation 1.Further research inthis field is necessary to elucidate the discrepancy
between the different approaches to calculate %UIS using nylon bag studies.
Since pressuretoasting reduced rumen proteindegradability (Goelema etal., 1998ab),the
effects of a reduced accessibility of the protein matrix embedding the starch in the
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endosperm may have influenced the starch degradability aswell. This was confirmed by
the strong correlation between protein and starch degradability (r= 0.97, P=0.0001). This
was not only truefor the degradability, but also for the effects observed for solubility and
particle size.Theeffects onstarchandproteinwereconfounded, andthereforethe effects
on degradability of starch and protein are not independent.
Total tract starch digestibility and intestinal digestibility ofuntreated faba beans and peas
were low (Tables 3, 4). In a study by Mupeta, Weisbjerg and Hvelplund (unpublished
results) with tropical and temperate grains, the total tract starch digestibilities after
subsequent 16 h rumen incubation, in vitro (pepsin-HCL) and intestinal incubation with
mobile nylon bags, were also low compared to in vivo results. In their study, total tract
starch digestibility ranged from 50to 75%,which iseven lower than the 86.3 and 84.5%
in our study for faba beans and peas, respectively. Thus, mobile nylon bag starch
digestibility may give an underestimation of in vivo starch digestibility.
After toasting,thetotaltractdigestibility andtheintestinal digestibility ofstarch numerically
increased (not significant). Ahigher %TDS isnormally found after processing treatments,
andusually coincides withanincreased rumendegradability (Owens etal., 1986;Theurer,
1986). The higher digestibility may be related to the inactivation of heat-labile
proteinaceous a-amylase inhibitors, which are present inmany legume seeds (Dreher et
al., 1984), although they are not present in peas (Liener, 1980). The higher %DUS for
toasted faba beans and peas may bethe result ofprotecting the easily accessible starch
from rumen degradation, which was inagreement with Owens et al.(1986). This can be
due to changes during passage of the forestomaches and/or due to a longer residence
time. Consequently, the starch surface or its embedding matrix is altered insuch away,
that it becomes more digestible inthe intestines.
A high intestinal digestibility after extrusion of peas was sometimes attributed to the
increased degree of gelatinization (Focant et al., 1990; Walhain et al., 1992). The
significant correlation of <5H with %DUS forfaba beans and peas inour study (correlation
coefficient r = -0.47 and -0.78 respectively, P ^ 0.03) suggests that gelatinization has
contributed to the higher intestinal digestibility of rumen undegraded starch. In turn, the
higher intestinal digestibility may have affected values for %TDS as well, which was
confirmed by the positive correlation (r = 0.78, P < 0.0001). Gelatinized starch may
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retrograde upon cooling, drying and storage (Dreher et al., 1984; Keetels, 1995).
According to Englyst et al.(1996), retrograded starch contributes tothe fraction which is
indigestible in the small intestine, but this was not in agreement with the results for
%DUS.
Starch gelatinization parameters
Heattreatments may leadtogelatinization attemperatures ranging from 50to80°C when
sufficient water is available. A minimal water-to-starch ratio of 0.3:1 is necessary to start
gelatinization, but for complete gelatinization a water to starch ratio of 1.5:1 is required
(Lund, 1984). Untreated seeds contain approximately 8-12% ofmoisture. Moisture levels
forfaba beans and peaswere 30.2%and23.8%afterthe 100°C/30 mintreatment, 34.9%
and 24.0% after 118°/30 min, and 31.9% and 24.3% after the 136°C/15 min treatment.
This means that for all toasting conditions, moisture levels were sufficient for partial
gelatinization only, which is incoherence with the results of SGD and DSC (Tables 4, 5,
6). Although moisture levels after 30 min toasting at 100°C and 118°C were similar to
after 15min toasting at 136°C, the former treatments only slightly affected SGD and<JH.
A low moisture level during processing limits gelatinization at lower temperatures (<100
°C), due to an increase of the gelatinization temperature (Lund, 1984; Keetels, 1995,
Eliasson and Gudmundsson, 1996). Tovar and Melito (1996) showed that atmospheric
steaming (98°C, 90 min) and autoclaving (121°C, 15 min) reduced in vitro starch
digestibility by Thermamyl and amyloglucosidase, which is consistent with the decrease
of SGD under mild toasting treatments inthe present experiment. According to Colonna
et al.(1992), the structural changes instarch after heating under low moisture conditions
and high temperatures are different from those occurring at the lower temperatures and
highmoisture levels. Under lowmoisture conditions, thestructural changes maybelimited
to amelting ofthe crystallites, without anecessary disappearance ofthegranular shape.

Starch gelatinization enthalpy of untreated faba beans and peas in our study was
considerable lower than in studies where isolated starch granules were analyzed
(Biliadaris et al., 1980; Vasanthan et al., 1995). Murray et al. (1995) showed, that after
purification andisolation ofprotein<5H increased,whichwasduetoachanged contribution
of for instance the hydrophobic interactions (Murray et al. 1995). Likewise, starch
gelatinization enthalpy maybeaffected bythesurrounding seed matrix.Wolters andCone
(1992), however, showed that isolated starch fractions andwhole meals from cereal and
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legume grains had only slightly higher values for<JH.
Thepeaktemperature ofuntreated fababeanswassimilar toresults ofWright andBoulter
(1980). For peas, Tp was similar to results of Wright and Boulter (1980) and Vasanthan
et al. (1995), but higher than results from aprevious study (Goelema et al., unpublished).
Since sample preparation and heating rate during analysis in the present study were
similar to those in the previous study (Goelema et al., unpublished). Since other studies
in our laboratory showed a large difference between peas of different origin, with <5H of
8.0 and 11.2J/g starch, variation between varieties ofpeas probably played an important
role in this discrepancy (Eliasson and Gudmundsson, 1996).
The increase of the SGD after toasting was consistent with the decrease of the DSC
gelatinization enthalpy (r = -0.77 and -0.92, P < 0.0001 for faba beans and peas,
respectively). This was inagreement with results ofWolters and Cone (1992) who found
astrong correlation between <JH anddigestion byo-amylase. SGD changes after toasting
were smaller than for <JH,which may bedue to interactions between starch and thenonstarch components inthe samples during in vitro digestion.
The shift ofonset, endset and peak temperatures ofgelatinization to higher temperatures
after the treatments was consistent with results reported by Kulp and Lorenz (1981),
Cooke and Gidley (1992) and Eliasson and Gudmunddson (1996). Since individual
granules show slight differences in gelatinization temperature. For individual granules,
gelatinization takes place over atemperature range of 1to 2°C, while forthe total starch
it might be 10to 15°C (Eliasson and Gudmunddson, 1996). During mild heat treatments
and limited amounts of water, the less perfect crystallites gelatinize first. Later on, the
more perfect crystallites may melt but, due to higher degree oforder inthe granules, this
occurs atahigher temperature. When partofthe starch ispre-gelatinized duringtoasting,
only the more perfect crystallites are present inthe native form, resulting inthe observed
shift of the gelatinization temperatures during DSC.
Conclusions
Toasting decreased the washable starch fraction of peas and faba beans, and the
fractional degradation rate of starch in faba beans. Using standard procedures for
calculating insitu starch degradability, toasting was effective inincreasing the fraction of
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rumen undegraded starch. Thiswas coherent with the increased X50starch, incontrast with
the increased degree of gelatinization, measured either with DSC, or in vitro. It was
therefore concluded that the effects of particle size dominated over the effects of
gelatinization. The discrepancy between the results based onfilter solubility compared to
standard procedures, stresses the need for further research on the fermentation of the
washable fraction. Literature, on the other hand, indicates that results from standard
procedures used in the present study significantly correlate with in situ results.
It isconcluded that pressure toasting increased the amount of rumen undegraded intake
starch and intestinal digestible rumen undegraded intake starch, by reducing the Wand,
for faba beans, also thekd.
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Introduction
Theimportance of legumes seeds for theDutch feedindustry
In this thesis are described the effects of toasting, expander treatment and pelleting on
in situ rumen degradability and intestinal digestibility of legume seeds.
In the early nineties, there was a growing interest in legume seeds as animal feed
ingredients in the Netherlands, related to an EU subsidy for using legume seeds in
compound feeds.The useoflegume seeds asconcentrate ingredients showed agradual
increase from 0.2 million tons in 1983 (1.3% of the total concentrate feedstuffs), to a
maximum of 1 million tons in 1988/89 (5.2%). Since then, the contribution has slightly
decreased, levelling to about 4% of the current use of 17.1 million tons concentrate
feedstuffs used in 1995/1996 (Anonymous, 1998).Thedatafrom 1982to 1992alsoshow,
that legumes are predominantly used for pig feeds (about 65%), while the remainder is
almost equally divided over feeds for poultry and ruminants.
Byproducts from all kinds of food production processes are the most important
concentrate ingredients, ranging from 51% in 1993/1994 to 55.1% in 1995/1996. Within
the byproducts, those from the edible oil industry contributed about 54%. Most of these
byproducts are included inconcentrates fordairy cows,which contributed 25%ofthetotal
concentrate production in 1993/1994, and23%ofthetotalconcentrate production of 16.4
x million tons in 1996/1997. Itwas estimated that more than 95% ofthe concentrates for
dairy cows arefed inthe (expander) pelleted form although there isan increasing interest
inusingsingle (unpelleted) feedstuffs as'top-dressing' overroughages orinmixedrations.
When used inconcentrates for ruminants, legume seeds provide the animals with protein
of high rumen degradability, whereas the starch, present in,for example, peas and faba
beans has an intermediate rumen degradability.
For high-producing dairy cows, even anoptimal rumenfermentation results in insufficient
microbial protein synthesis to maintain milk productions of over approximately 25
kg/cow/day. To meet the protein requirements of these animals, feeding rumen
undegraded protein is necessary. Two strategies can be followed, either using protein
sources with a low rumen degradability, such as (processed) animal proteins, or
decreasing the rumen degradability of plant proteins by processing. However, in large
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parts of Europe, the use of animal proteins in ruminant concentrates is not allowed, due
to the risk of Bovine Spongiform Encephalopathy (BSE).
Several chemical (Varvikko et al., 1983; Cleale IV et al., 1987; Stern et al., 1994) and
physical treatments (Aguilera et al., 1992; Arieli et al., 1989; 1995; Focant et al., 1990;
Schroeder et al., 1996) have been used to decrease rumen protein degradability. In this
study, physical treatments were used to decrease rumen degradability of protein in
legume seeds.
Pressure toasting has been previously used in our laboratory to improve the nutritional
value of phaseolus beans for monogastric animals (Van der Poel et al., 1990). A
preliminary study with toasted phaseolus beans (R. Zom, unpublished results) showed,
that in situ rumen protein degradability decreased, especially when toasting temperature
was increased from 102 to 136°C. That was the reason for studying this treatment in more
detail.

Effects of processing on in situ digestive behaviour of legume seeds
In this project, four different legume seeds were studied. There was a large variation in
chemical composition between the legume seeds (Chapters 2, 4). Peas and faba beans
were chosen, based on their similarity in protein (250 and 312 g/kg DM) and starch
content (420 and 490 g/kg DM). Lupins have a similar protein content (324 g/kg DM), but
contain hardly any starch, more fat (72 g/kg DM) and much more crude fibre (144 g/kg
DM). Although the currently available varieties cannot be grown in most EU countries, the
commercially useful soybeans were chosen because they combine a high protein content
(394 g/kg DM) and a high fat content (198 g/kg DM).

Apart from differences in protein content, the seeds of different legume species have a
different protein structure and a different amino acid profile. These differences were held
responsible for the differences in sensitivity to (pressure) toasting between legume seeds
(Chapters 2, 4), which was related to the differences in solubility and degradability of the
protein fractions. Based on their protein and their starch content and composition, peas
and faba beans were expected to respond in a similar way to the heat treatment, which
was confirmed by most results (Chapter 2, 4, 5, 6). Lupins and soybeans showed large
similarities with respect to the effects of toasting on denaturation characteristics protein
(Chapter 4), which was attributed to the similarity in their protein composition.
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The in situ method was used to incubate samples of untreated and processed seeds in
the rumen, in order to quantify the degradability and digestibility of the samples. The
readily available fraction ofprotein andstarchwas measured asthefraction disappearing
fromthenylonbagsafterwashing inawashing machine. Fromliterature, various methods
havebeendescribed toquantify thereadily availablefraction,suchasmeasuring solubility
in various media or by using the intercept of the degradation curve.
The preferred way to measure the washable fraction (W),the potentially degradable (D)
and the truly undegradable fraction (U), as well as the rate of degradation (kd) of the
potentially degradable fraction isbyusing theonesample, oneparticle size andone pore
size. Following this procedure, the degradation characteristics are dependent, which
implies that one cannot take the separate characteristics from different studies and use
them to calculate a reliable estimate of the rumen degradability.
Studies which are based oncombinations ofinsitu andlaboratory methods to determine
thedegradation characteristics mentioned above, usedeither differently ground samples,
or a different pore size, or both, which results in fractions which are not complementary
to each other.
When nylon bags are washed in a washing machine, the pore size of the bags
undoubtedly hasaneffect onhow manysmall,insoluble particles leavethe bags.Thiswill
beaffected bytheintensity ofthewashing process and,ifapplied,thespinning procedure.
As long as it is unclear at what rate these lost small particles are degraded or to what
extent they are escaping degradation through the rumen outflow, discussions as to
whether the washable fraction is representative forthe immediately available fraction will
continue.
The availability of the washable fraction for rumen microbes probably depends on its
chemical composition. The soluble Nfractions consist among others offree amino acids,
small peptides, and non-protein N. It has been shown, that the in vitro fermentation of
soluble N fractions largely varies between feedstuffs (Mahadevan et al., 1978), which
means thatthe availability should bedetermined aswell asonly quantifying the solubility.
Although the cold-water soluble fraction of native starch is usually small, grinding may
result in the breaking of glycosidic bonds and the crystalline structure of the starch
granules,thusincreasing thewater-soluble andthewashable fractions. Inour experiments
(Chapters 4, 6) the sieve fraction < 71 //m of peas and faba beans after dry and wet
sieving were relatively rich in N and starch. In other studies the smaller particles were
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sometimes relatively low inN,whereas inother feedstuffs, Ncontent hardly changed with
increasing particle size (Michalet-Doreau and Cerneau, 1991). Wolters and Cone (1992)
observed, that insome feedstuffs, grinding resulted inthe separation of individual starch
granules, whereas forothers itresulted inparticles containing larger groups ofassociated
granules. Thisprobably alsoaffectsthedistribution ofstarchoverthedifferent particle size
classes.
Anewly discovered factor (Chapter 4,6)isthatprocessing affects particle size distribution
after grinding. Thedistribution ofNandstarchovertheparticle sizeclasses changed after
toasting (Chapter 4). Inour study, theapparent mean particle sizefor Nandstarch ofthe
toasted seeds was larger than before toasting.
Since particle size distribution of the incubated samples is usually not reported, it is
unknown whether the changes observed inour study are representative ofthe effect on
particle size after (heat) treatments. For a proper comparison of the effects of heat
treatments, untreated andtreated samples should beground inthesameway, (incontrast
to what is sometimes done). Likewise, studies on the effects of treatments such as
pelleting and expander processing -which result in forms which are normally fed to the
animals- should not becarried outwithground samples fromthepellets ortheexpandate,
since grinding may interfere with the measured insitu results, which do notoccur invivo.
Moreover, when in a study the process itself or its conditions are of special interest, the
replications forthe statistical evaluation should originate from multiple batches or runs of
treatments, rather than from different cows used for the rumen incubation.
Pressure toasting
In agreement with the initial hypothesis, toasting decreased the rumen protein
degradability oflegume seeds, bydecreasing thereadily available proteinfraction,aswell
as the rate of degradation of the potentially degradable fraction.
For starch, itwas assumed thattoasting would result ingelatinization and, consequently,
inanincreased rumen starch degradability. This study confirmed that toasting resulted in
gelatinization ofstarch,especially atprocessing temperatures exceeding 130°C.Thiswas
observed both by enzymatic (in vitro) analysis, and by differential scanning calorimetric
(DSC) measurement. However, contrarytoexpectations, insiturumenstarchdegradability
was reduced, rather thanincreased. Theeffect onstarchdegradability was mainly caused
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by decreasing its washable fraction. This was inconsistent with our hypothesis, and with
most reported studies of effect of processing on starch degradability. The following
conditions during toasting are assumed to have played an essential role in our results:
1) low moisture levels,
2) relatively low temperatures,
3) processing of whole seeds instead of ground mashes,
4) no shearing action,
In situation of an excess of water (500 - 700 g moisture/kg), heat treatment leads to
swelling of the starch granules and dissolution of the granules (Colonna et al., 1992).
Although gelatinization in an excess of water leads to a complete disappearance of the
crystalline structure, low moisture conditions may result inmelting ofthe crystallites only,
without affecting the granular shape (Colonna et al., 1992). Therefore, processing may
result in a melting of the less perfect crystallites, while the most perfect ones remain in
their stable form.
Limiting moisture levels increase gelatinization temperatures (Lund, 1984; Eliasson and
Gudmundsson, 1996) to values exceeding the lower toasting temperatures of 100 and
118°C used in this study. When moisture levels and/or temperatures are insufficient for
complete gelatinization, partial gelatinization may occur locally (Chapter 6).
Whole seeds are more slowly hydrated and heated than ground mashes. When whole
seeds are toasted, the presence of the intact seed hulls probably prevents the popping
effect due to the 'flash off, observed after expander processing of ground mashes.
Therefore, the physical structure of toasted whole seeds will be very different from that
ofexpanded mashes.Thiswillchangetheeffects ofthetreatment onstarch degradability,
even when the same processing time and temperatures are applied.
When gelatinized starch is cooled and/or stored at lowtemperature, it may recrystallize,
which meansthatgelatinized starchwillbecome morecrystalline, which isassociated with
a lower solubility. This change is called retrogradation, and this may contribute to the
formation of slowly degradable or even indigestible starch fractions, the so-called
'resistant' starch fraction (Englyst et al., 1996).
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This retrograded surface may enclose the other starch and thus indirectly also limit its
solubilization (Chapter 7). This effect was seen after pelleting an expander treated
concentrate. Compared to the expandate, pelleting decreased the washable starch
fraction,although thedegradation ratewassubstantially enhanced (Goelema etal., 1996).
Thomas (1998) used the invitro gas production technique (Theodorou etal., 1993, 1994)
with sheep rumen fluid as inoculum, to measure the fermentation of processed tapioca
starch. His results indicated that, after long-term storage, the moment at which the
maximum in vitro gas production rate was reached was earlier for pre-gelatinized
compared to native tapioca starch,whereas total cumulative gas production and volatile
fatty acid (VFA) production were reduced. Based onthese observations, Thomas (1998)
hypothesized, that during storage, a part of the pre-gelatinized starch had retrograded,
whereas another part was still present in its gelatinized state. A higher degree of
gelatinization increased the rate of fermentation, whereas recrystallization of the
gelatinized starch resulted inaslowlyoreven undegradable starchfraction,explaining the
decreased total gas production and VFA production. Our results for peas, toasted at
136°C are in agreement with this. When the degree of gelatinization increased (ranging
from 25 to 39%), kd numerically increased (not significant), which was in line with the
lower DSC gelatinization enthalpy. Forfaba beans, toasting at 136°C resulted ina lower
degree of starch gelatinization (ranging from 11 to 15%), and kd decreased when
gelatinization increased. This suggests that a minimal degree of starch gelatinization is
necessary to observe an increased kdfor starch after toasting.
On the other hand, toasting resulted in a consistent decrease of the washable fraction,
even after toasting at the highest temperature of 136°C. This can be related to an
increased amount ofretrograded starch.Thehypothesis proposed byThomas (1998)also
applies to the explanation for the decreased starch degradability after toasting. When a
starchy feedstuff is heated with steam, condensation of steam increases its moisture
content. If the temperature of the seeds during processing exceeds the gelatinization
temperature at the actual moisture content, gelatinization starts. Depending on the
moisture content, processing temperature and time,this gelatinization varies from alocal
and partial one to complete gelatinization, which increases starch degradability. Upon
cooling and drying, however, recrystallization cantake place. Since retrograded starch is
difficult to solubilize, it directly affects the size of the washable fraction.
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In conclusion, above a certain level of (in vitro) gelatinization, which is probably higher
than 15%SGD, an increased degree ofstarch gelatinization results inan increased kd of
starch, whereas an increased degree of retrogradation is responsible for the decreased
W of starch. Since gelatinization and retrogradation counter-act with respect to rumen
starch degradability, different processing conditions lead to different outcomes.
Shear forces during or after heat processing, such as during steam-flaking, expander
treatment, extrusion or pelleting, may further disrupt the granular structure of starch and
interact with gelatinization and retrogradation, but also affect the particle size. Since the
chemical composition of feedstuffs and the structure, gelatinization and retrogradation
properties ofstarches indifferent feedstuffs vary greatly, notably when shear isinvolved,
differences between feedstuffs upon processing can beexpected.
Apart fromthe specific changes ofthe protein andstarchfraction infaba beans andpeas,
an interaction between the two components is also likely. This interaction may have
originated fromthestrong association between proteinandstarch,butalsofromtheeffect
of heat treatment on the protein fraction. Thome et al. (1983) and Franco et al. (1995)
suggested, that complexes between protein and starch are formed upon heat treatment.
Itisassumed thatwhentheprotein matrix becomes denatured, itreduces the accessibility
for amylolytic enzymes as well (Holm et al., 1985). However, it is unclear whether this
effect of protein on starch degradability originates from the small protein fraction in the
granular starch itself, or from the other protein in the seed.
To what extent the observed decreases of the kdand the W of starch are due to the
retrogradation of starch, or to the denaturation of protein, is unknown. More systematic
research inthisfield, focussing ontheconditions which influence the structural properties
of starch, and their effects ondigestion characteristics of heat treated and subsequently
dried or cooled feedstuffs is required. The use of genetically modified feedstuffs, which
vary in amylose and amylopectin content of starch and in starch content, might be very
attractive tostudy theeffects ofgelatinization, retrogradation andtheimpact ofthe protein
content.
Effects of toasting onthe rumen degradability and intestinal digestibility ofthe individual
amino acids were evaluated in lupins (Chapter 7).The amino acids showed differences
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inwashable fraction, rate of degradation, and,consequently in rumen degradability. The
results further showed, that allamino acids responded inasimilar way tothe processing
conditions. However, due to the initial differences in degradability, some amino acids
showed a larger decrease in protein degradability than others. It was concluded that
toasting resulted in denaturation of protein as a whole, rather than altering the
degradability ofspecific amino acid preferentially, asmight have been expected for lysine
due to Maillard reactions. The results were consistent with observation of Marsman et al.
(1998),who concluded that toasting under mild conditions involves the formation ofnoncovalent, instead of covalent bonds. Thiswas also supported bythe observation that the
amount ofacid detergent insoluble N,an indicator for excessive heat damage of proteins
(Van Soest, 1994; Hsu and Satter, 1995), remained negligible after 3 min toasting at
132°C (Chapter 1). However, some brown coloring appeared after treatment at 136°C,
which indicates thatatthattemperature Maillard products were probably formed.Thiswas
confirmed by the lysine loss after the most intensive treatment, although the intestinal
digestibility of lysine intoasted lupins was always higher than in the untreated lupins.
Toasting generally increased the in situ intestinal digestibility of the rumen undegraded
fraction, except for toasting at 136°C, which reduced the digestibility. The higher
digestibility after toasting was previously also observed in vitro and in vivo in pigs (Van
der Poel et al., 1990). Itwas associated with the inactivation of antinutritional factors, as
well as with the structural changes inthe storage protein after toasting.
Incubation residues were corrected for the contamination with protein of rumen microbial
origin, using DAPA as microbial marker. Although it is generally assumed that for
protein-rich feedstuffs theeffects onpractical implications ofcontamination are negligible,
our results indicate otherwise. Contamination was generally increased with rumen
incubation time. Consistent with the decrease of available substrate, the microbial
contamination decreased for toasted lupin samples after 24 h of rumen incubation.
Corrected totalamino acid Nhadahigher degradability andahigher intestinal digestibility
than total N, which was not corrected for microbial contamination. Moreover, correction
for microbial contamination affected the ranking of treatment with respect to the
degradability ofthe individual amino acids inlupins, especially for methionine and lysine.
Using the total protein degradability and the feed amino acid profile for calculating the
amount ofrumen undegradable amino acids maytherefore leadtoerroneous results, and
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may also leadtomisinterpretations oftheeffectivity of(heat) treatments inaltering rumen
amino acid degradability.
Surprisingly, the study also indicated, that a substantial part of the contamination may
originatefrom(aerobic)fermentation duetotooslowoven-drying ofheattreated feedstuffs
and incubation residues. Theresults showed thatfreeze-drying was preferable compared
to 24 h oven-drying at 60°C.
With respect to lupins, one might question whether protein should be protected from
rumen degradation, since the amino acid profile of lupins is deficient in both methionine
and lysine, limiting amino acids for dairy cows. Relative to microbial protein (Storm and
0rskov, 1983),theaminoacid profileofrumen undegraded lupin protein remains deficient
inthesetwoamino acids.Theuseofprotected synthetic aminoacidscould overcome part
of the problems in balancing the amino acid profile of rumen undegraded protein with
animal requirements.
Expander treatment
The other treatment which was used todecrease the rumen degradability ofa mixture of
legume seeds was expander treatment (Chapter 2).Several studies have been published
inwhich extrusion was shown to beeffective in reducing protein degradability of legume
seeds,though the processing costs ofthistreatment are relatively high (Melcion andVan
der Poel, 1993).Another relatively new,andcheaper treatment thanextrusion isexpander
processing. In our study, expander treatment at 115°C did not reduce protein
degradability, despite other successful attempts (Nielsen, 1994; Prestlokken, 1994;Arieli
et al., 1995; Lund and Tothi, unpublished). Thus, our results were in disagreement with
the prior hypothesis that expander treatment decreases protein degradability. In the
published studies on expander treatment cereal grains were mainly used, which have a
lower protein content, and smaller seeds than legumes. Some ofthese experiment were
carried out with finely ground mashes, whereas in our experiment, a coarsely broken
mashwas used.The larger particle sizeofthelegume seeds used inourstudy most likely
hampered the transfer of heat and moisture, and -in turn- limited the denaturation of
protein. This was supported by the small decrease in protein dispersibility and nitrogen
solubility after expander treatment, relative towhat was observed after toasting (Chapter
2).
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Inthe other published studies, processing temperatures often exceeded the temperature
of 115°C used in our study, although this could not bejudged very well in all cases, due
to the sometimes unclear presentation of the processing conditions. Another important
factor is the residence time in the expander, which was only 8 s in our study. It was
hypothesized that longer processing times, smaller particle size and a higher processing
temperature would have resulted in a more effective treatment. The results of Nielsen
(1994) for peas suggest, that the minimal processing temperature during expander
treatment toreduce protein degradability isbetween 122and 127°C. Although this isalso
dependent on the processing time, the author did not show the residence times in the
conditioner and the expander.
Forstarch, expander treatment increased rumendegradability, which isinagreement with
most in vitro and in vivo results after extrusion of peas (Focant et al., 1990; Walhain et
al., 1992) and expander treatment of cereals (Harstad et al., 1996). Arieli et al. (1995),
however, reported adecreased insitu rumen starchdegradability ofseveral cereals. The
increased starch degradability after expander treatment in our experiment was due to a
higher washable fraction and arateofdegradation, whichwas negatively associated with
particle size and starch gelatinization.
These results demonstrate the effect of expander treatment on the particle size and its
impact ondegradability. The particle size ofthe broken mixture oflegume seeds reduced
after expander processing, which was positively associated with the washable protein
fraction and,consequently, withtherumenproteindegradability. Although theresultswere
not consistent with our hypothesis that expander treatment decreases protein
degradability, they are very interesting, sincethe conditions applied have characteristics
similar to those used in the (expander) processes frequently carried out in the feed
industry to improve the physical quality of pelleted feeds. For that purpose, steam is
added to obtain processing temperatures ranging from 80 to 100°C. Under those
conditions, protein denaturation is very limited, especially in concentrates for dairy cows
(Goelema et al., 1996), which mainly consist of byproducts from the food industry
However, in vitro gelatinization of starch increased (Goelema et al., 1996). Shear forces
during expander processing were held responsible forthedecrease inparticle size,which
waspositively associated withstarchgelatinization, andrumendegradability ofproteinand
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starch (Chapter 2). Apart from the particle size reducing effect ofthe shear forces, they
may have altered the surface to a more porous, brittle structure. This facilitates the
hydration and, subsequently, rumen fermentation.
Thus, expander treatment involves animportant shearing effect, resulting inadecreased
particle size, an improved pellet durability and hardness, but also inan increased rumen
degradability. However, at higher temperatures (> 115°C), the heat treatment during
expander processing may have resulted in protein denaturation, and thus lead to a
decreased rumen protein degradability (Prestlokken, 1994).Onthe other hand, results of
Arieli et al. (1995) suggest, that there are conditions which reduce in situ starch
degradability after expander treatment.
It is concluded that further research should aim to quantify and optimize the effects of
processing conditions (temperature, moisture level, residence time, shearing action) on
rumen degradability of protein and starch.
Pelleting
Itwas estimated that for the manufacture of pelleted animal feed between 420 and 630
MJ ton"1 animal feed is used (Thomas, 1998), of which 60% is used for conditioning,
pelleting and cooling. When heat-treated feedstuffs are used asconcentrate ingredients,
the energy consumption bythe pelleting process may beeven higher. Thus, pelleting is
an important factor in determining the costs of pelleted animal feeds, which sharply
contrasts withthesmall number ofstudies ondigestive behaviour ofpelleted concentrates
foranimals. The reported studies refer mainly to monogastric animals, andthe results are
therefore not generally applicable to ruminants.
Although the effects ofpelleting depend ontheapplied conditions during the conditioning
phase, the results obtained in our study with the coarse mash are generally consistent
with results of other studies carried out previously in our laboratory (see General
Introduction andGoelema et al., 1996), using various feed ingredients, andseveral levels
of protein and starch.
Allthese experiments consistently showed that rumen degradability of protein and starch
increased with pelleting.Thiswasconsistent withour previous hypothesis. Various factors
may be responsible for the increase. The positive correlation between particle size and
degradability after pelleting amixture oflegume seeds (Chapter 2)confirmed the ideathat
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particle size reduction played an important role in explaining the increased rumen
degradability. Apart from affecting the particle size, the structure of the pelleted product
may have become more porous and more accessible, resulting in an increased rate of
degradation.
The overall effect of pelleting on the amount of intestinal absorbable protein in
concentrates is unknown. If energy is not limiting, the increased rumen protein
degradability may result inan increased microbial protein synthesis, which isfavored by
the increased starch degradability. Ontheother hand,effects ofpelleting onthe efficiency
ofmicrobial protein synthesis areunknown.Theeffects ofparticle sizereduction oninsitu
protein degradability may bepartially compensated forbyanincreased outflow ofsoluble
protein. This can be the case for the small, insoluble particles as well. Their specific
functional weight mayeven behighenoughtoescape fromfermentation bypassage from
the rumen, which prevents them from being captured by rumen microbes.
However, based onstudies presently available, itcannot bedecided whether, nortowhat
extent, the effects on in situ protein degradability are influenced by in vivo changes in
microbial protein synthesis, nor the extent to which the increased degradability is
compensated for by an increased rumen outflow.
Combinations of toasting, expander treatment andpelleting
The combination of toasting, expander treatment and pelleting (Chapter 2) showed that,
under the conditions tested, toasting had the largest impact on rumen degradability ofa
broken mixture of faba beans, peas and lupins. Subsequent expander treatment and
pelleting resulted in relatively small changes. Consequently, the increased UIP and UIS
aftertoasting were maintained after expander treatment andpelleting. However, with less
severe toasting treatments (lower temperature, shorter processing time), expander
treatment and pelleting may reducethe beneficial effect oftoasting onUIP,aswas shown
for a concentrate mixture including lupins which were toasted for 1.5 min at 130°C
(Goelema et al., 1995).
Effects of processing on laboratory parameters of legume seeds
Effects of heat treatment can also be evaluated by several laboratory measurements.
Protein dispersibility (PDI) or solubility (NSI) are very common methods to indicate the
level ofdenaturation of, for example, commercial soybean products. Our results indicate
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that, except for lupins, there are strong correlations between PDI, NSI (Chapter 1,2) and
the in situ protein degradation characteristics, such asthe washable fraction, the rate of
degradation and the rumen undegraded protein fraction and the amount of intestinal
digestible rumen undegradable protein (DUP). The exception for lupins is probably due
to the relatively low PDI for untreated lupins (Chapters 1,4).
Results for PDI and NSI in water are very similar for rumen protein degradation
characteristics, although NSI gives slightly lower values (Chapter 1). Despite the good
correlations between PDI,NSIandrumenproteindegradability (Chapter 1)atlevels below
approximately 20% PDI,the differences in protein degradation are poorly discriminated.
Results forthe predicted DUPfrom PDI(Chapter 4)furtherconfirmed thiseffect, although
DUPoftoasted legume seeds could beestimated from PDIwith anaccuracy varying from
4.9 (for soybeans) to 13.5% (for lupins) for the mean observed PDI (Chapter 4).
DSC was also used to measure the extent of protein denaturation after toasting. Both
DSC and PDIresults correlated verywellwith insituresultsfor protein (Chapter 4).Based
ontheDSC results itwas possible todiscriminate between differences indenaturation and
protein degradability of samples from intensive treatments, where PDI failed. For the
milder treatments, however, PDI was more discriminating for DUP. Prediction of DUP
based onthe DSC denaturation enthalpy resulted inasimilar accuracy as based onPDI,
ranging from 8.9 (faba beans) to 11.6% (soybeans).
Thus, the application of DSC results to explain the altered protein degradability showed
great promise (Chapter 4). Comparison of our results with those in the literature was
hampered bythe variation insample preparation and inscanning conditions. The results
of Murray et al. (1985) demonstrated, that purification of seed protein or starch fractions
may result in completely different enthalpy levels. This may interfere with the effects of
processing as well. It can therefore be concluded that to study the effects on protein
degradability, a standardized DSC analysis should be carried out preferably with the
(ground) whole seeds, rather than with purified protein or starch fractions.
DSC was also used to quantify the extent of starch gelatinization after toasting. These
results showed good correlation with the in vitro degree of gelatinization (SGD), as
measured by enzymatic digestion with amyloglucosidase. However, SGD probably also
reflects the particle size ofthe samples, which,within certain limits, isshown to beof less
importance inDSC measurements (M.R. Roth,unpublished results). Both DSC and SGD
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results are influenced by other processes than gelatinization as well. For instance,
retrogradation will affect the gelatinization enthalpy and presumably also SGD, although
the magnitude of these effects were not studied inour experiments. This was confirmed
by Kayisu and Hood (1979), who observed a decreased pancreatic alpha-amylase
digestibility of starches after drying and storage.
Further research should elucidate whether DSC can also be used to predict the effects
of heat treatment on rumen degradability of feedstuffs.
Effect of toasting on in vivo digestive behaviour of protein and starch.
The results oftoasting on degradation and digestibility of legume seeds, asdescribed in
this thesis, are all based on in situ measurements. A proper in vivo evaluation of the
results, especially those which were in disagreement with prior hypotheses seems
necessary, since the number of studies inthis area is limited.
Thedisagreement between the (decreased) insitustarchdegradability andthe increased
degree of gelatinization (measured in vitro or by DSC) is fascinating and gives rise to
numerous discussions with other scientist and representatives from the feed industry.
These discussions concentrated on:
1)the possible role ofdenaturation ofthe protein matrix surrounding the starch granules,
2) the availability of the washable starch fraction (W),
3) the general applicability of the observed effect for legumes
If denaturation of protein (1) plays an important role, one would expect a smaller effect
of toasting on the starch degradability of seeds which have a higher starch/protein ratio
compared to faba beans and peas, such as cereal grains.
Inthe casethatthewashable starchfraction isreadily available andcompletely degraded
in the rumen (2), which is not unlikely (Chapter 1), the difference in in situ starch
degradability will also be observed in vivo. However, when the fraction of particles
between 40 and 71//m, 'the so-called particle loss', has a slower degradation rate than
the fraction <40 //m, the amount of UIS will be underestimated, which is especially the
case for the untreated faba beans and peas, due to their higher fraction of lost particles.
Consequently, the effect of toasting on UIS will be overestimated (Chapter 6).
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Inclose cooperation with the department ofAnimal Science oftheAgricultural University
in As (Norway), two experiments were carried out, focussing on reduction of rumen
degradability of cereal starches by toasting. Inthe first experiment, an in situ screening
was carried out with 3 cereals (barley, oats, corn), 3 processing temperatures (100, 118
and 136°C)and5processing times (1.5,3,7, 15,30min).Thesamples wereground over
a 1.5 mm screen. The results showed, that the results for barley and oats were similar to
those offaba beans and peas,whereas cornstarch responded differently. Forbarley, the
amount of rumen undegraded intake starch increased from 13% to a maximum of 33%
UIS, whereas for oats, it increased from 9 to 25% UIS. For corn, UIS decreased after
toasting, fromapproximately 54%UIStoaminimum of46%. Forbarley andoats,toasting
decreased the washable fraction (W) of starch and at the lower toasting temperatures,
also its rate ofdegradation (kd). For corn, kdremained unchanged, butW increased after
toasting at 100 and 118°C, whereas at 136°C, the kdincreased and W decreased with
increasing processing time (Goelema, Harstad and Gotvassli, unpublished results). .
The results for barley and oats are consistent with our results for faba beans and peas,
despite the large difference in initial starch degradability and starch and protein content
inthese seeds. Results for corn were inconsistent with the results for faba beans, peas,
barley and oats, which suggests that the starch to protein ratio indeed may play a critical
role in obtaining an effect of toasting on UIS. This seems to be contradict the strong
association between protein and starch in corn and sorghum which is (at least partially)
held responsible for the slow degradability ofthe starch inthese feedstuffs (Holm et al.,
1985).
The results obtained demonstrate, that the results of toasting on in situ starch
degradability are notexclusively duetospecific characteristics of legume seeds, andthat
the underlying mechanisms are the same for other starchy feedstuffs.
The second experiment was an invivo evaluation with lactating dairy cows (4-5 months
in lactation), in a 3 x 3 Latin square design. Ground barley, either untreated (B0) or
toasted (B1 and B2) were used. The samples were ground over a 3 mm screen. The in
situ UIS ofthe samples was 10,20 and 22%, respectively, whereas the apparent invivo
UIS was 15, 19 and 20% (Harstad, Gotvassli, Goelema and Tamminga, unpublished
results).
These results suggest that the effects oftoasting on insitu starch degradability based on
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insitu measurement were overestimated, butthat theorder ofthedegradability remained
unchanged. The insitu results for thetoasted samples are in linewith the invivo results
and support the hypothesis stated above, that only a part of the washable fraction is
immediately available and incorporated inthe microbial mass, and that, especially when
the washable fraction is large, asubstantial part ofthewashable starch fraction escapes
fermentation via rumen outflow.
The invivoevaluation alsoshowed,thatduodenal proteinflowwassignificantly increased
by toasting. This was consistent with the observed increase on in situ UIP (from 19%to
about28and 31%, respectively). Ontheother hand,itcan notbeexcluded thatthe higher
duodenal protein flow originated from an improved microbial protein synthesis, due to
synchronization of available Nand energy for the rumen microbes.
Feeding toasted barley increased average daily milk yield by 1.5 kg/cow. This might be
related to the increased duodenal flow of starch, which has probably resulted in an
increased intestinal glucose supply. Since duodenal protein supply was also increased,
this enabled milk protein concentration to increase slightly. The concomitantly observed
decrease of milk fat concentration can beexplained by a dilution effect, which is related
to the limited amount of available lipogenic energy for milk fat synthesis. Consequently,
milk protein production significantly (P < 0.05 ) increased, whereas milk fat production
decreased. The results ofthis study show, thatthe observed effects oftoasting on invivo
starch degradability were in agreement with the in situ results for starch. The observed
production response with toasted barley is probably related to optimization of the
fermentation processes in the rumen, as well as to the increased supply of intestinal
digestible starch and protein. Regarding the small differences in in situ degradability of
starch and protein, the observed production response is surprisingly large. Further
evaluation of the microbial protein synthesis will give more insight in the mechanisms
responsible for the observed production responses.

Practical implications and conclusions
In market systems where milk fat production is limited by quota systems, an increased
milk protein production is the most economical way to increase profits. In this respect,
toasting seemstobeaninteresting methodtoimprovethenutritivevalueoflegume seeds
and cereals, since the profits can be achieved even with a relatively short treatment at
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atmospheric conditions (B1),which can becarried outwithequipment presently available
on the market. Toasting numerically increased the N balance (though not significant),
which isvery interesting from anecological pointofview.Although toasting requires fossil
energy, which canbeconsidered adisadvantage, one might speculate that itenables the
use of home-grown concentrate ingredients. In turn, this might reduce the imports of
(protein) supplements from all over the world, which saves on the energy costs for
transport. Whether this ever happens depends probably predominantly on political and
macro-economic situations, rather than onthe sole question ofwhether it is ecologically
beneficial. It istherefore very difficult todecide which impact the results for legumes (and
cereals) presented inthis thesis have onthe use ofthese feedstuffs inthe feed industry
as a whole, the EC and in particular in The Netherlands.
Nevertheless, the following conclusions can bedrawn:
Toasting decreases in situ rumen degradability of protein and starch.
Pelleting increases in situ rumen degradability of protein and starch.
Expander processing under mild conditions increases in situ rumen degradability
of protein and starch.
Effects of toasting, expander treatment and pelleting on in situ degradability are
associated with changes inprotein denaturation and starch gelatinization, but also
in particle size.
Toasting at 132°C for 3 min has more impact on in situ rumen degradability of
starch and protein than the tested conditions ofexpander treatment and pelleting.
Effects of toasting on the amount of intestinal digestible protein in legume seeds
can be accurately predicted from the changes in protein dispersibility index or in
denaturation enthalpy, as measured by differential scanning calorimetry.
Toasting may affect production responses indairy cows, resulting in an improved
N balance and an increase inthe farmers' profits.
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Introduction
In this thesis effects of toasting, expander treatment and pelleting on in situ rumen
degradability and intestinal digestibility of legume seeds are described.
Inthefeeding ofruminants, particularly indairy cattle,there isagreat interest indigestive
behaviour of feed in forestomach and intestines, because of at least two reasons:
1) Degradation offeed protein and microbial protein synthesis are rarely balanced. This
imbalance results in unnecessary N losses from the rumen, because ammonia,
resulting from deamination of amino acids and degradation of non-protein N,
accumulates shortly after the feed is ingested, and may have left the rumen before it
can be incorporated into microbial protein.
2) The ratio inwhich thedifferent VFA (acetic, propionic, and butyric acid) and lactic acid
are formed in the rumen is largely dependent on the rate at which the substrate
(structural carbohydrates, non-structural carbohydrates, and protein) isdegraded. The
imbalance between microbial degradation and synthesis aswell as the ratio inwhich
VFA areformed areimportant determinants ofthetype ofnutrients that come available
for the animal. These in turn are important factors determining the level and
composition of ruminant production.
It is easy to understand that it would be advantageous to maximize the degradation of
structural carbohydrates in the rumen. Degradation of protein and non-structural
carbohydrates can berestricted towhat isnecessary formaintaining anefficient microbial
activity and growth, provided that the undegraded fraction is digested in the small
intestine. Digestion offeedprotein and non-structural carbohydrates inthesmall intestine
has also the advantage that less nitrogen and energy is lost.
For high producing dairy cows, even anoptimal rumenfermentation results in insufficient
microbial protein synthesis for maintaining milk productions of over 25 kg/cow/day. To
meet the protein requirements of those animals, feeding rumen undegraded protein is
necessary. Two strategies can befollowed, either using protein sources with a naturally
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low rumen degradability, like (processed) animal proteins, or decreasing the rumen
degradability of plant proteins by processing. In the present study, physical treatments
were used to decrease rumen degradability of protein in legume seeds. When legume
seeds are used inconcentrates for ruminants, they provide theanimals with highly rumen
degradable protein,whereas thestarch, present infor instance peas andfaba beans has
an intermediate rumen degradability.
Therefore, thefeedingofuntreated legumeseedstodairycowsinsituations whereenergy
availability isthe limiting factor will increase the N-excess, which results ina less efficient
utilization of N.
This thesis describes the effects of processing of legume seeds on digestive behaviour
of protein and starch inthe rumen and intestines ofdairy cows. This information enables
feed manufacturers and nutritionists to formulate concentrates and rations which:
1. Optimize rumen fermentation processes
2. Influence the site of digestion, by shifting it from the rumen to the intestines, which
quantitatively alters the supply of nutrients
3. Contribute to the reduction of unnecessary losses from the rumen.
In the following chapters, the results of three experiments are described. In these
experiments effects of 3 methods of processing are studied:
A. Pressure toasting
B. Conditioning/expander treatment
C. Conditioning/pelleting
In the study outlined in chapter 1,the effects of pressure toasting of whole and broken
peas, lupins and faba beans on in situ degradability of protein and starch and intestinal
digestibility ofprotein were studied.Totestfor associative effects on rumen degradability
and intestinal digestibility after toasting, a mixture of peas, lupins and faba beans was
examined and results were compared with weighted averages of separately processed
feedstuffs.
Pressure toasting for 3 min at 132°C decreased in situ protein degradability of peas,
lupins andfaba beans and insitu starch degradability ofpeas andfaba beans, especially
when broken vs. whole seeds were processed. Undegraded intake protein (%UIP)
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increased after toasting whole or broken seeds from 25%to44%and 52%for peas,from
22% to 47% and 5 1 %for lupins and from 20% to 48% and 57% for faba beans,
respectively. Undegraded intake starch (UIS) increased from 39%to 50%and 53% after
toasting whole and broken peas and from 33%to 53% and 60%for toasted whole and
broken faba beans, respectively. Total tract protein digestibility, measured after 12 h
rumen and subsequent intestinal incubation, remained unchanged for peas and faba
beans, but decreased for toasted broken lupins. After pressure toasting, washable
fractions (W) of all legume seeds decreased for both constituents, the fractional rate of
degradation (kd)of protein decreased, while the kd of starch increased. Itwas concluded
that protein degradability decreased after pressure toasting,without seriously affecting its
total tract protein digestibility.
Toasting amixture ofpeas,faba beansandlupins resulted inhigher starch degradabilities
than expected, based onthe separately treated feedstuffs. The kd'softhe mixtures were
higher than expected: 5.49 vs.4.29%/h forwhole seeds and 5.01 vs.4.18%/h for broken
seeds, respectively. Consequently, UISwas lowerthanexpected (47%vs. 51% forwhole
seeds and 50% vs. 57% for broken seeds).
In Chapter 2, the effects of pressure toasting, expander treatment and pelleting on the
rumen degradability and intestinal digestibility was studied. Inthis experiment, a mixture
of coarsely broken peas, lupins and faba beans was used. The broken feedstuffs were
from the same batches as those used in the experiment described in Chapter 1. The
treatments included pressure toasting (3 min, 132°C), expander treatment (8 s, 115°C)
and pelleting (10 s, 80°C). In contrast to Chapter 1, samples were incubated without
grinding which means that the physical form (broken seeds, expanded broken seeds or
pelleted broken seeds, or combinations of these treatment) was maintained during the
incubations.
Toasting was more effective in altering rumen degradability of protein than expander
treatment orpelleting.Toastingdecreased rumenproteindegradability significantly, mainly
by reducing itskd.Expander treatment and pelleting increased the Wof protein, whereas
pelleting additionally increased kd, resulting in a decreased UIP. The observed in situ
effects of both expander treatment and pelleting could be explained by particle size
reduction during processing. Combinations oftoasting, expander treatment and pelleting
resulted sometimes in interactions, but theorder oftreatments hardly affected the effects
on protein and starch degradability.
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Comparisons with literature showed, that the effects on starch and protein degradability
are very much dependent on the conditions applied during processing. A concept was
proposed, describing the effects of heat, moisture level and shear and pressure during
steam treatment on in situ starch degradability.
In the Chapters 3 to 6, the results of an experiment are described in which whole faba
beans, peas, lupins and soybeans were toasted at 100, 118 or 136°C for 3, 7, 15 or 30
min.Thisstudywassetuptodetermine theoptimaltreatment andtostudythe differences
in sensitivity with respect to toasting between different legume seeds.
Ground samples were incubated inthe rumentomeasure insitu rumen degradability and
inthe intestines ofdairy cows tomeasure the intestinal digestibility of protein andstarch.
InChapter 3,the effects oftoasting onthe rumen degradability and intestinal digestibility
were described, as well asthe effect onthe intestinal absorbable protein (DVE) content
of faba beans, peas, lupins and soybeans.
Toasting significantly increased UIPbydecreasing boththeWandthekd ofcrude protein
(CP).The UIP ofthe untreated faba beans, peas and lupins was 21, 21, and 21. Toasting
at 136°C for 3 min resulted in an increase of UIP. For faba beans, peas and lupins UIP
was 44, 47 and 49%, respectively, which was consistent with the results described in
Chapter 1.
Total tract protein digestibility offaba beans, peas and soybeans was notaffected bythe
treatment, but for lupins itwas slightly decreased.
Faba beans and peas show great resemblance in chemical composition, and were also
similar with respect to the rumen degradability and the sensitivity to the different
processing conditions. Likewise, lupins and soybeans showed a similar behaviour after
toasting.
For faba beans and peas, W consistently decreased when temperature or time of
processing were increased. For lupins and soybeans, W decreased after toasting at
100°C, but slightly increased after toasting at higher temperatures. The kdwas strongly
decreased after toasting at 136°C. Generally, higher temperatures during processing
resulted inahigher UIPandDVE.The largest increases ofUIPand DVEwere found after
toasting for 15 min at 136°C. The fraction of UIP increased by 152%, 156%, 142% and
56%, while for DVE, the increases were 91%, 80%,76%and 71% for faba beans, peas,
lupins and soybeans, respectively.
Correcting forthe loss ofsmall particles from the nylon bags increased the levels ofUIP,
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aswell astheeffect oftoasting on UIPand DVE. Based onthe results ofthis study, itwas
concluded that toasting is an economical method to increase the protein value of faba
beans, peas, lupins and soybeans.
In Chapter 4, the results of toasting on in situ protein degradability and digestibility
characteristics, as described in Chapter 3,were compared with the results of laboratory
measurements. Proteindispersibility index(PDI)anddenaturation enthalpy (<JH)according
to differential scanning calorimetry (DSC) were used to determine effects of toasting on
protein denaturation. Dry andwet sieve analyses were used to characterize particle size
distribution.
For all legume seeds, the PDI significantly decreased after toasting. Differences in PDI
due to processing conditions, however, differed between legume seeds. The untreated
legume seeds had a similar denaturation enthalpy («5Htot). After toasting, the residual
denaturation enthalpy wasdecreased. Forlupins and soybeans, twodistinct endothermic
transition peaks were observed, which were attributable to the 7S and 11S protein
fractions inthese seeds. Forfaba beansandpeas,only one peakwas observed. Thefirst
peak inlupins andsoybeans was moresensitive totoasting thanthesecond one.Thefirst
peak disappeared after intermediate toasting conditions, whereas the second peak was
only completely denatured after 15 min toasting at 136°C.
The lowest PDI and denaturation <JHtotvalues coincided with the highest values for the
intestinally digestible undegraded protein (DUP) concentration. Based on linear
regression, DUP could be predicted very well from PDI,except for lupins, where itfailed
todiscriminate thedifferences inDUPduetoprocessing conditions.Thedenaturation<JHtot
was more discriminating than PDI at higher DUP values. For lupins and soybeans,
differences between observed and predicted values were larger for untreated and mild
toasting treatments, even though mean prediction errors for DUP were only 10%.
There were only small differences in in vitro protein digestibility (IVPD) due to toasting.
Onlyseveretoasting decreased IVPDforpeasandlupins.Correlations ofIVPDandinsitu
intestinal digestibility and total tract protein digestibility (%TDP) were poor. A significant
positive correlation of IVPD was only found with %TDP (r= 0.80, P< 0.0001) for lupins.
Results of wet sieve analysis indicated that ground toasted legume seeds had a larger
apparent mean Nparticle size than untoasted seeds, which coincided with a decreased
rumen protein degradability.
It was concluded that PDI and denaturation <5Htot are useful indicators for protein
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denaturation, which can be used to evaluate effects on DUP after toasting.
The IVPD, however, failed to discriminate between in situ digestibility of untreated and
toasted legume seeds in general, but could be used to evaluate effects on %TDP for
lupins.
InChapter 5,the effects oftoasting onthe rumen degradability and intestinal digestibility
ofamino acids inlupinswere described. Diaminopimelic acid (DAPA) was usedto correct
for microbial contamination of feedstuffs and incubation residues.
Toasting significantly decreased rumendegradability ofaminoacidN(AAN) bydecreasing
its washable fraction and its rate of degradation. Toasting for 15 min at 136°C slightly
decreased thetotaltractdigestibility ofAA,butintestinaldigestibility ofrumen undegraded
intake AA (UIAA) was increased after toasting. As a result, the amount of intestinal
digestible rumen undegraded intake AA (DUAA) substantially increased. Effects of
processing timeandtemperature showed acurvi-linear response for rumen degradability.
For most amino acids, toasting for 30 min at 118°C resulted in a maximal or similar
response totoasting at 136°C. Toasting for 30min at 118°C increased thefraction UIAA
of totalAAN from 14.3 to 42.2%. For lysine and methionine, UIAA increased from 9.3 to
36.1% and from 0.9 to 27.7%, respectively. Since processing conditions affected
degradability of individual AA in a similar way, it was concluded that toasting
predominantly resulted in denaturation of protein, rather than decreasing protein
degradability of some specific AA preferentially, for instance through Maillard reactions.
The use of DAPA as a microbial marker revealed contamination of some toasted and
dried lupins and insitu residues. The microbial contamination showed apositive relation
with rumen incubation time. Based onthe increased contamination inovendried residues
after washing, and in oven dried rumen incubation residues, compared to freeze dried
residues, it was concluded that freeze-drying could overcome a substantial part of the
contamination. Correction for microbial contamination resulted in a higher AAN
degradability compared touncorrected Ndegradability. Moreover, correction affected the
ranking of treatments with respect to degradability of individual amino acids.

InChapter 6,theeffects oftoasting onthedigestive behaviour ofstarch infaba beansand
peas were described. Toasting significantly increased the fraction of rumen undegraded
starch (UIS), by decreasing the W and the kd.Toasting faba beans and peas for 3 min
toasting at136°C resulted inanUISof44and47%, respectively. Thiswasconsistent with
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theresults aftertoasting inChapter 1.Effects ofprocessing conditions were notsignificant
for total tract starch digestibility (%TDS) and intestinal digestibility of starch (%DUS) but
valueswere numerically higher aftertoasting.Values for%TDSand%DUS, asmeasured
bymobile nylon bag incubations, were lowcompared toinvivo results from literature. The
largest increase of UISand DUSwas observed after toasting for 15min at 136°C. Using
standard procedures for calculating starch degradability, UIS increased by 80 and 57%
for faba beans and peas, respectively, while for DUS increases were 87 and 49%. The
effects onUISwere inconsistent withtheincreased degree ofgelatinization aftertoasting,
measured either invitro orwith differential scanning calorimetry (DSC). The latter results
showed that toasting, especially at 136°C, resulted in a considerable gelatinization of
starch. Toasting changed the distribution ofstarch over different particle size classes, as
was determined bywet and dry sieve analysis. Thefraction ofstarch inthe particles <71
//m decreased after toasting, which was in line with the large decrease of W. The filter
solubility (FS) of starch was much smaller than W, andwas only slightly decreased after
toasting. The useof FSinstead ofW (thestandard procedure) inthe calculation of %UIS
resulted in a drastic decrease of the effect of toasting on UIS. Based on the strong
correlation between the UIP (Chapter 3) and UIS and the results ofsieve analysis itwas
concluded that denaturation ofthe protein matrix aswell asthechange inthe distribution
of starch of the particles were responsible for the increase of UIS and DUS.

Effect of toasting on in vivo digestive behaviour of protein and starch.
The results of toasting on degradation and digestibility of legume seeds, as described in
this thesis, are all based on in situ measurements. A proper in vivo evaluation of the
results, especially those which were in disagreement with prior hypothesis seems
necessary, since the number of studies inthis area islimited.
Incooperation with the department ofAnimal Science oftheAgricultural University inAs
(Norway),twoexperiments werecarriedout,focussing onreduction ofrumendegradability
ofcereal starches bytoasting. Inthefirst experiment, aninsituscreening was carried out
with 3cereals (barley, oats, corn), 3processing temperatures (100, 118 and 136°C) and
5 processing times (1.5,3,7, 15,30 min) (J.O.Goelema, O.M. Harstad andT.Gotvassli,
unpublished results). The results for barley and oats were coherent with the results for
faba beans and peas. Despite thelargedifference ininitialstarch degradability andstarch
and protein content inthese seeds, toasting resulted inan increase of UIS for barley and
oats. For corn, UIS decreased after toasting, which was in contrast with the results for
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faba beans, peas, barley and oats. This suggests that the starch to protein ratio indeed
may play a critical role in obtaining an effect of toasting on UIS. The results obtained
demonstrate, that the results oftoasting oninsitustarch degradability are not exclusively
duetospecific characteristics of legume seeds, andthat the underlying mechanisms are
the same for other starchy feedstuffs.
The second experiment was aninvivo evaluation with lactating dairy cows (T.Gotvassli,
O.M. Harstad, J.O. Goelema, and S. Tamminga, unpublished results). Untreated barley
was compared with two batches of toasted barley (2 different treatments). The results
suggested, that the starch degradability of untreated barley based on in situ
measurements was overestimated, but that the in situ results for the toasted samples
were ingood agreement with the invivo results. Moreover, the order ofthe degradability
ofthe untoasted andtwotreated barleys remained unchanged. These results support the
hypothesis stated above,that only apartofthewashable fraction isimmediately available
and incorporated inthe microbial mass, and that, especially when the washable fraction
islarge,asubstantial partofthewashable starchfraction escapes fermentation via rumen
outflow. Feeding toasted barley also affected milk production: daily milk yield increased
by1.5 kg/cow, milk proteinconcentration increased,andmilkfatconcentration decreased,
while the N-balance increased.
Summarized, the following conclusions can bedrawn:
Toasting decreases in situ rumen degradability of protein and starch.
Pelleting increases in situ rumen degradability of protein and starch.
Expander processing under mild conditions increased in situ rumen degradability of
protein and starch.
Effects of toasting, expander treatment and pelleting on in situ degradability are
associated with changes in protein denaturation, starch gelatinization but also in
particle size.
Toasting at 132°C for 3minhas more impact on insitu rumen degradability of starch
and protein than the tested conditions of expander treatment and pelleting.
Effects oftoasting onthe amount ofintestinal digestible protein inlegume seeds can
be accurately predicted from the changes in protein dispersibility index or in
denaturation enthalpy, as measured by differential scanning calorimetry.
Toasting may affect production responses in dairy cows, resulting in an improved N
balance and an increase of the farmers profits.
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Inleiding
Het verteringsgedrag van voer in de voormagen en darmen van melkkoeien staat sterk
in de belangstelling. Hiervoor zijn tenminste twee redenen, te weten:
1)

De afbraak van voereiwit en de synthese van microbieel eiwit zijn zelden met
elkaar inevenwicht. Hierdoor ontstaan onnodige stikstof (N) verliezen uitdepens.

2)

De verhouding waarin de verschillende vluchtige vetzuren (VFA: azijnzuur,
propionzuur enboterzuur) enmelkzuurgevormd worden,isgrotendeels afhankelijk
vandesnelheidwaarmee hetsubstraat (structureleenniet-structurele koolhydraten
en eiwit) wordt afgebroken. De mate waarin de afbraak van voereiwit en de
synthese vanmicrobieel eiwit metelkaar inevenwicht zijnendeverhouding waarin
deVFAworden gevormd,zijnvanbelangvoor desoort nutrientendievoor hetdier
beschikbaar komen, waardoor de productie en samenstelling van de melk
beinvloed wordt.

Het isduidelijk dat hetvoordelig isomdeafbraak vanstructurele koolhydraten indepens
te maximaliseren. De afbraak van eiwit en niet-structurele koolhydraten kan worden
beperkt tot het niveau dat nodig is voor de handhaving van een efficiente microbiele
activiteit en groei, onder de aanname dat de fractie die onafgebroken de pens verlaat,
wordt verteerd indedunne darm.Vertering vanvoereiwit enniet-structurele koolhydraten
in de dunne darm heeft tevens als voordeel dat er minder N en energie in de pens
verloren gaat. Voor hoogproductief melkvee iszelfs bijeen optimale pensfermentatie de
microbiele eiwitsynthese onvoldoende voor het handhaven van producties van meer dan
25 kgmelk per koe perdag. Omtevoorzien indebehoefte van deze dieren moettevens
pensbestendig voereiwit gevoerd worden. Twee strategieen kunnen worden gevolgd: of
men maakt gebruik van voedermiddelen met van nature een hoge bestendigheid, zoals
bijvoorbeeld (behandeld) dierlijk eiwit, of men maakt gebruik van plantaardige eiwitten
waarvan de eiwitbestendigheid met behulp van technologische behandelingen is
verhoogd.
In het hier beschreven onderzoek zijn fysische behandelingen onderzocht, met als doel
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de verhoging van de pensbestendigheid van eiwit in de zaden van vlinderbloemigen.
Wanneer onbehandelde zaden van vlinderbloemigen als eiwitbron in mengvoer voor
rundvee gebruikt wordt, betekent dit dat de dieren een snel afbreekbare eiwitbron
aangeboden krijgen.Hetzetmeelinzadenvanvlinderbloemigen zoalsbijvoorbeeld erwten
en faba bonen, heeft echter een meer geleidelijke afbraak.
Invoedingssituaties voor melkkoeien waarin pensenergie een beperkende factor is, zal
het voeren van onbehandelde zaden van vlinderbloemigen tot een verhoging van het Noverschot leidden, wat resulteert in een slechtere efficientie van N-benutting.
Indit proefschrift worden deeffecten beschreven vantechnologische behandelingen van
zaden van vlinderbloemigen op het verteringsgedrag van eiwit enzetmeel in depens en
darmen van melkkoeien. Deze informatie stelt mengvoederfabrikanten en nutritionisten
in staat om krachtvoeders en rantsoenen samen te stellen die:
1. Leiden tot een optimale pensfermentatie.
2. De plaats van vertering gericht veranderen, wat de beschikbaarheid van nutrienten
beinvloedt.
3. Bijdragen tot een vermindering van de onnodige verliezen die in de pens ontstaan.
In de hoofdstukken worden de resultaten van drie experimenten beschreven. In deze
experimenten zijn drie technologische behandelingen bestudeerd:
A. Druktoasten
B. Conditioneren/expanderen
C. Conditioneren/pelleteren
In het experiment dat in hoofdstuk 1 beschreven staat, worden de effecten van
druktoasten beschreven. Erwten, lupinen en faba bonen werden geheel, of in grof
gebroken vorm,getoast. Vandeonbehandelde endebehandelde zadenzijnmetdenylon
zakjes methode de in situ pensafbraak en darmverteerbaarheid van eiwit en zetmeel
bepaald. Tevens isonderzocht ofer interactie optreedt indien een mengsel vandezaden
getoast wordt. Hiervoor zijnde resultaten vaneengetoast mengsel vanerwten, bonen of
lupinen vergeleken met het gewogen gemiddelde van de afzonderlijk getoaste zaden.
Druktoasten gedurende 3 min bij 132°C verlaagde de in situ eiwitafbraak van erwten,
lupinen en faba bonen en de in situ zetmeelafbraak van erwten en faba bonen, vooral

Samenvatting

indien gebroken in plaats van hele zaden werden behandeld.
Door nettoasten steeg deeiwitbestendigheid (UIP)vanheleengebroken zadenvan25%
naar respectievelijk 44 en 52% voor erwten, van 22% naar 47 en 51% voor lupinen en
van 20% naar 48 en 52%voor faba bonen. Dezetmeelbestendigheid (UIS) nam toe van
39% naar 50% en 53% voor respectievelijk hele en gebroken erwten en van 33% naar
53% en 60% voor hele en gebroken faba bonen. De totale eiwitverteerbaarheid van
erwten en faba bonen, gemeten na 12 uur pensincubatie en vervolgens darmincubatie,
werd niet bei'nvloed doortoasten, maarvoor gebroken lupinenwerd natoasten een lichte
daling waargenomen. Natoasten daalde de uitwasbare fractie (W) van eiwit en zetmeel.
Natoasten daalde defractionele afbraaksnelheid (kd)van eiwit, terwijl dekd van zetmeel
steeg. Er werd geconcludeerd dat de eiwitbestendigheid steeg, zonder dat de totale
eiwitverteerbaarheid sterk bei'nvloed werd.
Hettoasten vaneenmengsel vanerwten,fababonenenlupinen resulteerde ineen lagere
zetmeelbestendigheid dan werd verwacht op basis van de afzonderlijk getoaste zaden,
De kd'svan het mengsel waren hoger dan verwacht (5.49 versus 4.29%/uur en 5.01 en
4.18%/uur voor respectievelijk de hele en de gebroken zaden), waardoor de UIS lager
was dan werd verwacht (47 versus 51%voor hele zaden en 50 versus 57% voor
gebroken zaden).
In hoofdstuk 3 zijn de effecten van druktoasten, expanderen en pelleteren op de
pensafbraak en darmverteerbaarheid beschreven. In het experiment werd een mengsel
van grof gebroken mengsel van erwten, faba bonen en lupinen gebruikt. De gebroken
zadenwaren afkomstig vandezelfde partijen alsinhoofdstuk 1. Inhetexperiment zijndrie
behandelingen bestudeerd: druktoasten (3 min, 132°C), expanderen (8 s, 115°C) en
pelleteren (10 s, 80°C). In tegenstelling tot in hoofdstuk 1 werden de monster voor
incubatie inde pens niet gemalen. Dit betekent dat defysische vorm van dezaden (grof
gebroken, geexpandeerde gebroken of gepelleteerde gebroken zaden, of de diverse
onderzochte combinaties van deze behandelingen) gehandhaafd bleef.
Toasten hadmeereffect opdepensafbraak vaneiwit danexpanderen ofpelleteren. Door
toasten steeg de eiwitbestendigheid significant, vooral door een daling van dekd.
Expanderen en pelleteren verhoogden de W, terwijl pelleteren tevens de kdverhoogde.
Dit resulteerde in een daling van de UIP. De waargenomen veranderingen in in situ
afbraak konden worden gerelateerd aan deveranderingen van dedeeltjesgrootte tijdens
debehandelingen. Combinaties vantoasten,expanderen enpelleteren resulteerden soms
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in interacties, maar de volgorde van de behandelingen had nauwelijks invloed op het
uiteindelijke effect op de pensafbraak en darmverteerbaarheid eiwit en zetmeel.
Vergelijking van deze resultaten met resultaten die in de literatuur beschreven zijn gaf
aan,datdeeffecten vantechnologische behandelingen insterkemateafhankelijk zijnvan
degebruikte instellingen tijdens de behandelingen. Er iseen concept voorgesteld dat de
effecten van hitte, vochtgehalte,

afschuifkrachten

('shear')

en druk tijdens

stoombehandelingen op de in situ zetmeelafbraak beschrijft.
Inde hoofdstukken 3tot en met 6zijn de resultaten van eenexperiment metfababonen,
erwten, lupinen en sojabonen beschreven. Indat experiment zijn hele zaden getoast bij
100, 118of 136°C gedurende 3,7, 15of 30 min. Destudie was opgezet om de optimale
behandelingscombinatie tijdens toasten te bepalen en om de verschillen in gevoeligheid
tussen de zaden van vlinderbloemigen met betrekking tot de hittebehandeling te
bestuderen. De monsters werden in gemalen vorm gei'ncubeerd om de pensafbraak en
darmverteerbaarheid tebepalen.Tevenszijn inhetlaboratorium diverseandere metingen
verricht om de waargenomen verschillen mogelijk te kunnen verklaren.
In hoofdstuk 3 zijn de effecten van toasten op de pensafbraak en darmverteerbaarheid
vaneiwitdeeiwitwaarde (DVE) beschreven. Toasten leiddetoteensignificante verhoging
van de UIP, doordat zowel de W als de kdafnam. De UIP van de onbehandelde faba
bonen, erwten, lupinen en sojabonen bedroeg respectievelijk 21,21,21 en 28%. Het
gedurende 3mintoasten bij 136°Cleiddetoteenverhoging vandeUIP.Voorfababonen,
erwten, lupinen en sojabonen steeg de UIP tot respectievelijk 44, 47, 49 en 41%. Deze
resultaten kwamen overeen met de resultaten die in hoofdstuk 1beschreven zijn.
Detotale eiwitverteerbaarheid vanfaba bonen,erwten ensojabonen werd niet bei'nvloed
door toasten, terwijl voor lupinen een lichte daling gevonden optrad.
Faba bonen en erwten vertoonden grote overeenkomst in chemische samenstelling en
tevens in de mate waarin de pensafbraak veranderde onder invloed van de
toastbehandeling. Lupinen en sojabonen vertoonden eveneens een vergelijkbare
gevoeligheid voor detoastbehandelingen. Eenverhoging van detoasttemperatuur of de
procestijd leidde voor faba bonen en erwten tot een consistente daling van de W. Voor
lupinen ensojabonen daalde deW indien bij 100°C deprocestijd verlengd werd,maar de
W steeg indien bij een hogere temperatuur getoast werd. Door te toasten bij 136°C
daalde de kd sterk. In het algemeen leidden hogere toasttemperaturen en langere
procestijden toteen hogere UIPen DVE. Degrootste toename werdgevonden na 15min
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toasten bij 136°C. De UIP van faba bonen, erwten, lupinen en sojabonen nam
respectievelijk met 152%, 156%, 142%en 56%toe, terwijl de DVE met 91%, 80%,76%
en 71% toenam.
De correctie voor het verlies aan kleine, onoplosbare deeltjes uit de nylon zakjes leidde
tot een verhoging van de UIP en de DVE, en tot een de groter effect van de
toastbehandeling op de UIP en de DVE. Op basis van deze studie werd geconcludeerd
dattoasten eeneconomische methode isvoordeverhoging vandeDVEvanfababonen,
erwten, lupinen en sojabonen.
In hoofdstuk 4 zijn de effecten van toasten op de pensafbraak en darmverteerbaarheid
van eiwit vergeleken met de resultaten van laboratorium bepalingen. De
eiwitdispergeerbaarheid (PDI) endedenaturatie enthalpie (<JH),gemeten met differential
scanning calorimetry (DSC), zijn gebruikt om de effecten van toasten op de denaturatie
van eiwit te meten. Droge en natte zeefanalyses zijn uitgevoerd om deverdeling van de
deeltjesgrootte vasttestellen.Voorallezadenvanvlinderbloemigen leiddetoastentoteen
significante daling van de PDI. De mate waarin de PDI daalde als gevolg van de
toastcondities, verschilde echter tussen dezaden. Deverschillend onbehandelde zaden
vanhaddeneenvergelijkbare denaturatie enthalpie (<JH,ot).Natoastendaalde deresiduele
denaturatie enthalpie. Voor lupinen en sojabonen werden twee verschillende
overgangspieken waargenomen, die toegeschreven werden aan de twee belangrijkste
eiwitfracties in deze zaden, de 7S en de 11S fractie. Voor faba bonen en erwten werd
slechts 1eiwitpiek waargenomen.
De eerste piek voor lupinen en sojabonen was gevoeliger voor toasten dan de tweede
piek. De eerste piek verdween na een matig intensieve toastbehandeling, terwijl de
tweede piek pas volledig verdwenen was na 15 min toasten bij 136°C.
Delaagste waarden voor de PDIencJHtotkwamen overeen metde hoogste waarden voor
dehoeveelheid darmverteerbaar bestendig eiwit (DUP). DeDUP konopbasisvandePDI
met lineaire regressie goedvoorspeld worden, behalve voor lupinen.Voor lupinen konop
basis van de PDI geen onderscheid tussen de verschillende procesomstandigheden
worden gemaakt. Op basis van de denaturatie <JHtot kon, vergeleken met de PDI, beter
onderscheid gemaakt worden tussen de hogere waarden van de DUP. Voor lupinen en
sojabonen waren de verschillen tussen de waargenomen en de op basis van lineaire
regressie geschatte waarden groter voor onbehandelde en relatief mild behandelde
zaden, alhoewel de gemiddelde schattingsfout voor de DUP slechts 10%bedroeg.
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De verschillen in in vitro eiwit verteerbaarheid (IVPD) tussen de verschillende
toastcondities waren relatief klein. Alleen voor erwten en lupinen leidde een intensieve
toastbehandeling tot een daling van de IVPD. Er bestond daarom slechts een zwakke
correlaties tussen de IVPD en de in situ darmverteerbaarheid en totale verteerbaarheid
(%TDP) van eiwit. Er bestond alleen een significante positieve correlatie tussen de IVPD
en de %TDP (r = 0.80, P ^ 0.0001) voor lupinen. De resultaten van natte zeefanalyse
gaven aandat deschijnbare gemiddelde deeltjesgrootte voor Nvoor getoaste zaden van
vlinderbloemigen graterwasdanvoorongetoaste zaden.Dezestijging kwamovereen met
een stijging van de eiwitbestendigheid (UIP).
Er werd geconcludeerd dat de PDI en de denaturatie <5Ht0,bruikbare parameters voor
eiwitdenaturatie zijn, diegebruikt kunnenwordenvoordevoorspelling vandeeffecten van
toasten opdeDUP. Inhetalgemeenbleekde IVPDongeschikt omonderscheid temaken
tussen de in situ verteerbaarheid van onbehandelde en getoaste zaden van
vlinderbloemigen, alhoewel deze parameter wel gebruikt kan worden voor de evaluatie
van de effecten van toasten op de %TDP van lupinen.
In hoofdstuk 5 zijn de effecten van toasten op de pensafbraak en darmverteerbaarheid
van individuele aminozuren in lupinen beschreven. Diaminopimeline zuur (DAPA) werd
gebruikt om te corrigeren voor de microbiele contaminatie van voedermiddelen en
incubatieresiduen.
Toasten leidde tot een significante daling van de pensafbraak van aminozuur N(AAN),
dooreenverlaging vandeWendekd. Gedurende 15minbij 136°Ctoasten leiddetoteen
lichte daling van de totale verteerbaarheid, maar de darmverteerbaarheid van de
pensbestendige aminozuren (UIAA) namtoe natoasten. Hierdoor leidde toasten tot een
aanzienlijke stijgingvandehoeveelheid darmverteerbare bestendige aminozuren (DUAA)
De pensbestendigheid vertoonde een curvelineair verband met de procestijd en
-temperatuur. Voor de meeste aminozuren leidde 30 min toasten bij 118° tot een
maximale ofvergelijkbare respons alstoasten bij 136°C. Gedurende 30 minuten toasten
bij 118°C leidde tot een verhoging van de UIAA van totaal AAN van 14.3 naar 42.2%.
Voor lysine en methionine namde UIAAtoevan respectievelijk 9.3 en0.9% naar 36.1en
27.7%.
Aangezien de procescondities de bestendigheid van de individuele aminozuren op
dezelfde manier bei'nvloedden, werd geconcludeerd dat toasten met name resulteert in
de denaturatie van eiwit. Hierdoor worden alle aminozuren vergelijkbaar bemvloed, in
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plaats van een specifieke reactie van enkele aminozuren, bijvoorbeeld via Maillard
reacties.
Het gebruik van DAPA als microbiele merkstof toonde aan dat enkele getoaste en
vervolgens gedroogde lupinen, en de gedroogde in situ incubatieresiduen microbiele
contaminatie vertoonden. Er bleek positieve relatie te bestaan tussen de incubatietijd in
de pens, en de mate van contaminatie. Aangezien de contaminatie inde gevriesdroogde
incubatie residuen veelgeringerwasdanindegestoofdroogde residuen napensincubatie
en/of uitwassen, werd geconcludeerd dat vriesdrogen een aanzienlijk deel van de
contaminatie kan voorkomen. De correctie voor microbiele contaminatie op basis van
DAPA resulteerde ineen lagere AAN bestendigheid vergeleken met de ongecorrigeerde
eiwitbestendigheid. Tevens beinvloedde de correctie devolgorde van de behandelingen
met betrekking tot de bestendigheid van de individuele aminozuren.
In hoofdstuk 6 zijn de effecten beschreven van toasten op de pensafbraak en
darmverteerbaarheid van zetmeel in faba bonen en erwten. Toasten leidde tot een
significante verhoging van dezetmeelbestendigheid (UIS), door een daling van deW en
dekd.Drie minuten toasten bij 136°C leidde tot een UIS voor faba bonen en erwten van
44 en 47%. Dit was consistent met de resultaten na toasten, zoals beschreven in
hoofdstuk 1. De effecten van de proces condities waren niet significant voor de totale
verteerbaarheid van zetmeel (%TDS), noch voor dedarmverteerbaarheid van bestendig
zetmeel (%DUS), alhoewel de waarden van de getoaste zaden numeriek gezien hoger
waren. Dewaarden voor de %TDS ende %DUS, gemeten met de mobiele nylon zakjes
methode waren lager dan de literatuur aangaf voor de in vivo resultaten.
De grootste stijging van de UIS en de DUS werd waargenomen na 15 min toasten bij
136°C. Op basis van de standaard berekeningsmethode voor bestendig zetmeel steeg
de UIS met respectievelijk 80en57%,voorfaba bonen enerwten. De DUS nam toe met
87 en 49%. De toename van de UIS was in tegenspraak met de stijging van de in vitro
ontsluitingsgraad vanzetmeel endedaling vandezetmeel onsluitingsenthalpie, gemeten
met DSC. Beide methoden gaven aan dat toasten, vooral bij 136°C, resulteert in een
aanzienlijke ontsluiting van zetmeel. Toasten veranderde daarnaast eveneens de
verdeling van zetmeel over de deeltjesgrootte klassen, zoals bepaald werd met natte en
droge zeefanalyse. De fractie zetmeel in de deeltjes < 71 //m daalde na toasten, wat
overeenkwam met de aanzienlijke daling van de W na toasten. De filter oplosbaarheid
(FS)vanzetmeelwasveelkleiner dandeW,envertoonde natoasten slechts eengeringe
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daling. Het gebruik van de FS in plaats van de W (de standaard methode) voor de
berekening vande UIS resulteerde danook inaanzienlijk kleiner effect vantoasten opde
UIS. Op basis van de sterke correlatie tussen de UIP (hoofdstuk 3) en de UIS en de
resultaten van de zeefanalyses, werd geconcludeerd dat zowel de denaturatie van de
eiwit matrix alsdeverandering indeverdeling vanzetmeeloverde deeltjesgrootteklassen
geleid hebben tot de stijging van de UIS en de DUS natoasten.
De effecten van toasten op het in vivo verteringsgedrag van eiwit en zetmeel
De in dit proefschrift beschreven resultaten van toasten op de pensafbraak en
darmverteerbaarheid van zaden van vlinderbloemigen zijn allemaal gebaseerd op insitu
metingen. Een in vivo evaluatie van de resultaten, met name van die resultaten die niet
overeenkwamen met de oorspronkelijke hypothesen lijkt zinvol, aangezien het aantal
studies dat op dit gebied is uitgevoerd, beperkt is.
In samenwerking met de vakgroep Animal Science van de Agricultural University in As
(Noorwegen), zij twee experimenten uitgevoerd, die gericht waren op het verhogen van
de zetmeelbestendigheid van granen. Het eerste experiment bestond uit een in situ
screening waarin 3 granen (gerst, haver en mais) getoaste werden bij 3 proces
temperaturen (100, 118 en 136°C) en 5 proces tijden (1.5, 3, 7, 15, 30 min) (J.O.
Goelema, O.M. Harstad enT. Gotvassli, ongepubliceerde resultaten). De resultaten voor
gerst en haver kwamen overeen met de resultaten voor faba bonen enerwten. Ondanks
het grote verschil in zetmeelbestendigheid en eiwitgehalte resulteerde toasten ook voor
gerst en haver ineentoename vandezetmeelbestendigheid. Voor maiswerd echter een
daling van de bestendigheid gevonden. Dit suggereert, dat de verhouding zetmeel/eiwit
een belangrijke rolkanspelen bijdedaling vande UIS natoasten. Deze resultaten tonen
tevens aan, dat de effecten van toasten op de zetmeelbestendigheid niet alleen voor
zaden van vlinderbloemigen gelden, maar dat de daaraan ten grondslag liggende
mechanismen ook voor ander zetmeelbronnen gelden.
Het tweede experiment bestond uit een invivo evaluatie met lacterende melkkoeien (T.
Gotvassli, O.M. Harstad, J.O. Goelema en S. Tamminga, ongepubliceerde resultaten).
Onbehandelde gerstwerdvergeleken metgetoastegerst(2verschillende behandelingen).
Deresultaten toonden aan,datdezetmeelbestendigheid vandeonbehandelde gerst met
insitumetingen werdoverschat, maardatdeinsitu resultaten voordegetoaste monsters
goed overeenstemden met de in vivo resultaten. Tevens bleek de volgorde van de
bestendigheid van de ongetoaste en getoaste gerst ongewijzigd. Deze resultaten
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bevestigden de eerdere hypothese, dat slechts een gedeelte van de uitwasbare
zetmeelfractie direct beschikbaar is,enbenutwordtvoor microbie'legroei.Tevens gafhet
aan, dat een aanzienlijk deel van de uitwasbare fractie de pensfermentatie kan
ontsnappen via de passage. Het voeren van de getoaste gerst had ook effect op de
melkproductie: de gemiddelde melkproductie steeg met 1.5kg/koe, het melkeiwitgehalte
steeg, het melkvetgehalte daalde. Hierdoor steeg tevens de N-balans.
Op basis van de in dit proefschrift beschreven resultaten zijn de volgende conclusies
getrokken:
Toasten verhoogt de in situ bestendigheid van eiwit enzetmeel.
Expanderen onder milde condities verlaagt de in situ bestendigheid van eiwit en
zetmeel.
Pelleteren verlaagt de in situ bestendigheid van eiwit enzetmeel.
De effecten van toasten, expanderen en pelleteren op de in situ bestendigheid zijn
gerelateerd aan de veranderingen in eiwitdenaturatie, zetmeelontsluiting en
deeltjesgrootte
Gedurende 3 min toasten bij 132°C heeft meer effect op de in situ pensafbraak van
eiwit en zetmeel dan de onderzocht condities tijdens expanderen en pelleteren.
Deeffecten vantoasten opdehoeveelheid darmverteerbaar bestendig eiwit inzaden
vanvlinderbloemigen kannauwkeurig voorspeld worden opbasisvandeverandering
ineiwitdispergeerbaarheid (PDI) ofdedenaturatie enthalpie, gemeten met differential
scanning calorimetry.
Het voeren van getoaste grondstoffen kan de melkproductie van melkkoeien
be'fnvloeden, wat kan resulteren in een verhoging van de N-balans en het inkomen
van melkveehouders.
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