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1. Levels of dietary phytate normally present in pig and poultry feeds have the potential to 
complex with most of the dietary protein and affect protein digestion. 

This thesis. 

2. Phytase saves dietary protein and energy. 
This thesis. 

3. The value of phytate as a food component depends on its degree of degradation. 
Harland, B.F. and E.R. Morris, 1995. Phytate: a good or a bad food 
component? Nutr.Res. 15:733-754. 

4. To prevent or cure osteoporosis, physicians often prescribe a high dose of calcium. Often, 
insufficient consideration is given to the dietary calcium : phosphorus ratio and to the 
decreased phosphorus absorption at a higher level of calcium intake. Consequently, the 
treatment might be counterproductive. 

Heany, R.P. and B.E.C. Nordin, 2002. Calcium effects on phosphorus 
absorption: implications for the prevention and co-therapy of 
osteoporosis. J.Am.Coll.Nutr. 21:239-244. 

5. Many books and articles mention only the values of physiological variables under standard 
conditions. This is confusing, because those conditions are rarely of physiological 
relevance. 

6. "More optimal" solutions, or the "most optimal" solution to a problem, call in question the 
quality of those solutions. 

7. After the first year of life, everyone ages a year, every day. 

8. To obtain an "AH-erlebnis", propositions should not be numbered, but lettered. 

Propositions belonging to the thesis 
Phytase studies in pigs and poultry. Effect on protein digestion and energy utilization. 

Arie K. Kies 
6 June 2005, Wageningen 



1. De hoeveelheid fytaat die normaal in varkens- en pluimveevoer voorkomt kan in 
potentie het meeste voereiwit complexeren en de eiwitvertering te bei'nvloeden. 

Dit proefschrift. 

2. Fytase bespaard voereiwit en -energie. 
Dit proefschrift. 

3. De waarde van fytaat als voedingscomponent hangt af van zijn mate van degradatie. 
Harland, B.F. and E.R. Morris, 1995. Phytate: a good or a bad food 
component? Nutr.Res. 15:733-754. 

4. Ter behandeling of voorkoming van osteoporose, schrijven artsen vaak een hoge dosis 
calcium voor. Hierbij wordt onvoldoende rekening gehouden met de calcium : fosfor 
verhouding in de voeding, en met verlaging van de fosforabsorptie door de hoge 
calciuminname. De behandeling kan daardoor contraproductief werken. 

Heany, R.P. and B.E.C. Nordin, 2002. Calcium effects on phosphorus 
absorption: implications for the prevention and co-therapy of 
osteoporosis. J.Am.Coll.Nutr. 21:239-244. 

5. In veel boeken en publicaties worden alleen de waarden van fysiologische variabelen 
onder standaardcondities genoemd. Dit werkt verwarrend, omdat deze condities zelden 
fysiologisch relevant zijn. 

6. "Optimalere" oplossingen of de "optimaalste" oplossing van een probleem, roept 
vraagtekens op over de kwaliteit van die oplossingen. 

7. Na het eerste levensjaar wordt iedereen elke dag een jaartje ouder. 

8. Voor een "AH-erlebnis" zouden stellingen niet moeten worden genummerd, maar 
beletterd. 

Stellingen behorend bij het proefschrift 
Phytase studies in pigs and poultry. Effect on protein digestion and energy utilization. 

Arie K. Kies 
6 June 2005, Wageningen 



Aan 
Annie en Ab 



Preface 
The basis for this thesis finds its origin in February 1995, when Constant van Lookeren Cam-
pagne (business unit Agri Ingredients of DSM Food Specialties), Piet Simons ("The Spelder-
holt Poultry Institute") and I, met in Beekbergen to discuss developments in animal nutrition. 
One of the topics we talked about was the effect of phytase on the performance of broilers. 
Piet was convinced that animals in his experiments performed better with phytase; even better 
than animals receiving diets not limiting in phosphorus. This was an interesting idea. So I 
looked into a pile of results and concluded that, indeed, in many experiments, the performance 
of broilers receiving phytase was better than could be attributed to the increased phosphorus 
availability. This finding was tested in some performance studies, but we also wanted to 
explain why phytase improves animal performance. A small number of studies on protein 
(amino acid) digestibility and energy utilization were already performed. They were used to 
make the first version of the "matrix-values" for phytase. This is a list of values attributed to 
phytase, not only for phosphorus and calcium, but also for digestible protein and amino acids. 
It was first presented in a Symposium in Arnhem, in March 1997. 

The basis for these matrix-values was rather limited. The number of protein digestibility stu
dies was expanded, therefore, which resulted in an update of these values in 2000. This is still 
the presently used recommendation. The update could be made for amino acid digestibility in 
pigs and poultry. Also, the effect of phytase on energy metabolizability in poultry was quanti
fied. For the effect of phytase on energy utilization in pigs, however, few data were available. 
It appeared that energy digestibility was not affected in pigs. This resulted in the hypothesis 
that phytase might affect post-absorptive energy utilization. Experiments were run at Wage-
ningen University, and some interesting results were obtained. We thought it was desirable to 
write a publication, but the question was: "who will write it?". The answer was the prelude to 
this thesis. Even though the incubation time for the thesis was ten years, I first started to seri
ously write it in 2003. I did not start from scratch, but writing it in a quite short time next to 
my job was no piece of cake. I could not have done that without the help from many people. I 
sincerely thank all who have contributed to this thesis in any way. Specifically, I want to 
thank the following people. 

My understanding of how to proceed with our work on the nutritional value of phytase was 
enhanced by discussions with dozens of people around the world; researchers of institutes and 
universities and nutritionists of feed companies. Many thanks for the discussions and for 
sharing your ideas. 

Working in a company without animal research facilities means that studies need to be perfor
med externally. This has advantages and disadvantages. An advantage is that one is not 
bothered by the day-to-day problems associated with the experiments. A disadvantage is that 
it is not possible to make observations, to correct the execution of the experiment if required, 
or to get all results in the preferred form. Luckily, I have been able to work with some of the 
best scientists imaginable. A big "thank you" to the teams of the University of Alberta, 
Canada (Willem Sauer, Jim He, Yongcheng Zhang, Shengfa Liao and their co-workers); the 
University of Sydney, Australia ('Ravi' Ravindran, Ganesharanee Ravindran, Wayne Bryden, 



Peter Selle and their co-workers); Massey University, New Zealand (Patrick Morel); Division 
Nutrition and Food, Animal Sciences Group, Wageningen University & Research Center, 
Lelystad (Age Jongbloed, Paul Kemme, Leon de Jonge, Leon Sebek, Hans van Diepen and 
their co-workers); and Wageningen University (Walter Gerrits, Johan Schrama, Marcel 
Heetkamp, Koos van der Linden, Tamme Zandstra, Martin Verstegen and their co-workers). 

Results of some of the studies are not included in this thesis, but were of key importance for 
either my understanding of the mode of action of phytase, or for designing the included 
experiments. Thanks are due to the teams of Massey University, New Zealand ('Ravi' Ravin-
dran, Wouter Hendriks and their co-workers); the former TNO-ILOB (Ben Schutte, Johan de 
Jong, Jan Dirk van der Klis and their co-workers); and the Animal Sciences Group of the 
WUR, Beekbergen (Piet Simons, Koos van Middelkoop, Jan van Harn and their co-workers). 

For a long period I worked with fantastic colleagues in the business unit Agri Ingredients: Ria, 
Constant, Hans and Rob and later also Helen, Sheila, David, Frank, Hagen, Hans, Hans, Johan 
and Luc. Krijn Rietveld was enthusiastic about the idea to start writing this thesis; Fedde Son-
nema made it possible to finalize it, despite sale of the feed enzyme business. Niek Persoon of 
DFS-R&D allowed me to use one day per week to work on this thesis during nine months, 
which speeded up the writing a lot. To Karl van Hemert no statistical problem appeared too 
difficult. To all: many thanks. Especially, I am indebted to Guus Klein Holkenborg, who was 
for years my "right-hand", and the most critical person to discuss this work with. 

The studies described in this thesis were performed for the former Feed Enzyme Alliance of 
DSM Food Specialties-Agri Ingredients and BASF A.G., Germany. I thank the management 
of these companies for their agreement to use these results. DSM Food Specialties is also 
acknowledged for making the training and supervision of this work financially possible. 

Of course, writing a thesis is more than collecting results of a number of experiments. Discus
sions with, and help and support from my promotor, Martin Verstegen, were indispensable. 
Walter Gerrits did a perfect job as the critical co-promotor. Mariet was an enthusiastic sup
porter (as always!). Many thanks, all of you! 

With Ben Schutte I discussed for many hours about the work reported in this thesis. He also 
critically evaluated my manuscripts. Also thanks to Anny, who kept us going on with lots of 
coffee and excellent lunches. Thanks to Ben and Jaap for acting as paranimfs, and taking care 
for many of the worries of the days to the promotion. 

Clare Sloan: many thanks for correcting my English into proper English. Un grand 
remerciement a Frederic (Fredo) Bouesnard pour transferer des pensees sur le sujet de ma 
these dans l'image ornant la couverture du livre. 

Writing a thesis in your spare-time requires the full understanding and support of your friends 
and family. Sorry for being not very sociable for a few years! Above all thanks to Annemarie: 
you made it all possible in the first place. For next year: holidays together again! 



Voorwoord 
De oorsprong voor dit proefschrift ligt in februari 1995, toen Constant van Lookeren Cam-
pagne (business unit DSM Food Specialties-Agri Ingredients), Piet Simons (instituut voor 
pluimveeonderzoek "Het Spelderholt") en ikzelf in Beekbergen bijeenkwamen om ontwik-
kelingen in de veevoeding te bespreken. Een van de onderwerpen die op tafel kwamen was 
het effect van fytase op de prestaties van kuikens. Piet was ervan overtuigd dat in zijn proeven 
de dieren die fytase kregen beter presteerden; beter zelfs dan dieren die voldoende fosfor in 
het voer kregen. Dit was een interessant idee, dus dook ik in een stapel onderzoeksresultaten. 
De conclusie was dat inderdaad in veel proeven prestaties van kuikens beter was dan kon wor-
den toegeschreven aan de (door fytase verbeterde) fosforbeschikbaarheid. Dit werd in een 
aantal proeven getest, maar we wilden ook weten hoe dat te verklaren was. In een paar studies 
was het effect van fytase op de eiwit- en aminozurenvertering en de energiebenutting al geme-
ten. Op basis hiervan werd de eerste versie van de "matrixwaarden" gemaakt. Dit is een lijst 
met de voederwaarde van fytase, niet alleen voor fosfor en calcium, maar ook voor verteer-
baar eiwit en aminozuren. Het werd voor het eerst gepresenteerd in maart 1997, tijdens een 
Symposium in Arnhem. 

De basis voor deze matrixwaarden was nogal smal. Daarom werden aanvullende eiwitver-
teringsstudies uitgevoerd, wat in 2000 resulteerde in vernieuwde matrixwaarden. Deze waar-
den worden nog steeds geadviseerd. De vernieuwing betrof de waarden voor de aminozuren
vertering in pluimvee en varkens. Ook kon het effect van fytase op de energiebenutting in 
pluimvee worden gekwantificeerd. Een dergelijke waarde kon niet worden berekend voor 
varkens. Er waren weinig data en daaruit bleek geen effect op de energieverteerbaarheid. 
Daarom werd verondersteld dat er mogelijk een verschil optreedt in de energiebenutting na de 
vertering. Proeven daarnaar werden uitgevoerd bij Wageningen Universiteit. De resultaten 
waren interessant en we vonden het de moeite waard ze te publiceren. Het antwoord op de 
vraag "wie gaat het schrijven?" bleek de opmaat naar dit proefschrift. Hoewel al tien jaar 
geleden begonnen werd met het beschreven werk, startte het schrijven pas in 2003. Natuurlijk 
had ik al veel gegevens en waren enkele artikelen al af, maar om in zo'n korte tijd een proef
schrift te schrijven, naast mijn gewone werk, was geen gesneden koek. Het zou ook onmoge-
lijk zijn geweest zonder de hulp van velen. Ik bedank iedereen die, in welke vorm dan ook, 
een bijdrage aan dit proefschrift leverde. Speciaal dank aan de volgende mensen. 

Mijn begrip hoe het werk naar de voedingswaarde van fytase aan te pakken werd vergroot 
door discussies met velen over de gehele wereld: onderzoekers van instituten en universiteiten 
en nutritionisten van veevoerproducenten. Allen zeer bedankt hiervoor. 

Een bedrijf zonder eigen dierproeffaciliteiten is voor dergelijke proeven aangewezen op 
externe instituten. Dit heeft voor- en nadelen. Een voordeel is dat je je geen zorgen hoeft te 
maken over de dagelijkse beslommeringen die dergelijke proeven met zich brengen. Nadelen 
zijn dat je zelf dingen niet ziet, de proef niet kunt corrigeren (indien nodig), en soms de resul
taten niet op de manier krijgt die je graag zou willen. Gelukkig kon ik werken met een aantal 
van de beste onderzoekers die men zich kan wensen. Daarom mijn grote dank aan de onder-
zoeksgroepen van de University of Alberta, Canada (Willem Sauer, Jim He, Yongcheng 



Zhang, Shengfa Liao en hun medewerkers), de University of Sydney, Australie ('Ravi' Ravin-
dran, Ganesharanee Ravindran, Wayne Bryden, Peter Selle en hun medewerkers), Massey 
University, Nieuw Zeeland (Patrick Morel), Division Nutrition and Food, Animal Sciences 
Group, Wageningen University & Research Center, Lelystad (Age Jongbloed, Paul Kemme, 
Leon de Jonge, Leon Sebek, Hans van Diepen en hun medewerkers) en Wageningen 
Universiteit (Walter Gerrits, Johan Schrama, Marcel Heetkamp, Koos van der Linden, Tamme 
Zandstra, Martin Verstegen en hun medewerkers). 

Resultaten van enkele studies die niet zijn opgenomen in dit proefschrift waren van groot 
belang voor een goed begrip van de werking van fytase, of voor het goed opzetten van de 
gerapporteerde proeven. Dank daarom ook aan de onderzoeksgroepen van Massey University, 
Nieuw Zeeland ('Ravi' Ravindran, Wouter Hendriks en hun medewerkers), het voormalige 
TNO-ILOB (Ben Schutte, Johan de Jong, Jan Dirk van der Klis en hun medewerkers) en de 
Animal Sciences Group van de WUR, Beekbergen (Piet Simons, Koos van Middelkoop, Jan 
van Harn en hun medewerkers). 

Een aantal jaren werkte ik in de business unit Agri Ingredients met fantastische collega's: Ria, 
Constant, Hans en Rob en later ook Helen, Sheila, David, Frank, Hagen, Hans, Hans, Johan 
en Luc. Krijn Rietveld was enthousiast over het idee een proefschrift te gaan schrijven, Fedde 
Sonnema maakte het mogelijk om het af te maken, ondanks de verkoop van de voerenzymen 
business. Niek Persoon van DFS-R&D stond mij toe om gedurende negen maanden een dag 
per week aan dit proefschrift te werken, wat het schrijven sterk versnelde. Karl van Hemert 
ging geen statistisch probleem uit de weg. In het bijzonder dank aan Guus Klein Holkenborg, 
jarenlang mijn "rechterhand" en de meest kritische persoon om dit werk mee te bespreken. 

De proeven beschreven in dit proefschrift werden uitgevoerd voor de voormalige Feed Enzy
me Alliance van DSM Food Specialties-Agri Ingredients en BASF A.G, Duitsland. Ik bedank 
het management van deze bedrijven voor hun toestemming de resultaten te gebruiken. DSM 
Food Specialties bedank ik ook voor de financiele bijdrage aan de opleidingskosten. 

Natuurlijk is een proefschrift meer dan een verzameling resultaten van een aantal proeven. 
Discussies met en hulp en aanmoediging van mijn promotor, Martin Verstegen, waren onmis-
baar. Walter Gerrits deed prima werk als kritische co-promotor. Zoals altijd was Mariet een 
enthousiaste supporter. Allen zeer bedankt! 

Met Ben Schutte discussieerde ik urenlang over de gerapporteerde resultaten. Ook keek hij 
kritisch naar de manuscripten. Ook dank aan Anny, die ons op de been hield met veel koffie 
en prima lunches. Ben en Jaap bedankt om op te willen treden als paranimf, en om veel van 
de zorgen voor de promotiedag weg te nemen. 

Clare Sloan: zeer bedankt voor de correctie van mijn Engels in echt Engels. Un grand remer-
ciement a Frederic (Fredo) Bouesnard pour transferer des pensees sur le sujet de ma these 
dans 1' image ornant la couverture du livre. 

Een proefschrift schrijven in je vrije tijd doet een zwaar beroep op het begrip van vrienden en 
familie. Excuus dat ik een paar jaar niet erg sociaal was! Bovenal dank aan Annemarie: jij 
maakte het in de eerste plaats mogelijk. Volgend jaar weer samen op vakantie! 



Abstract 
Phytase is applied for improving digestibility of phosphorus in pig and poultry diets. Indepen
dently, phytase also improves animal performance. The mechanisms to explain this effect 
were investigated and quantified. Protein can be complexed with phytate, especially under the 
acid conditions that occurs in the stomach of animals. Dietary phytase supplementation pre
vents formation of such complexes or, if such complexes are formed, helps to release protein 
faster and to a larger extent from phytate. Consequently, protein digestibility may increase. 
This effect was confirmed in a meta-analysis of digestibility experiments, both in poultry and 
pigs. The higher protein digestibility explains, only in part, the improved performance. In 
poultry, the apparent metabolizable energy level increased with dietary phytase, mainly as the 
result of higher protein and fat digestion. Because in literature no effect of phytase on energy 
digestibility in pigs was shown, post-absorptive energy utilization was investigated. Using 
indirect calorimetry, no clear effect of phytase could be shown on energy partitioning. Phytase 
improved, however, energy utilization during the first two weeks post-weaning of ad libitum 
fed piglets. This may indicate that adaptation of piglets is somewhat facilitated by phytase. In 
an experiment with restrictedly-fed piglets, three weeks post-weaning, energy digestibility 
increased with phytase, but not energy metabolizability. A number of observations indicated, 
however, that energy metabolism of the piglets was affected. Processes that increase or de
crease heat production balance each other out. Phytase increased digestibility of minerals 
considerably, including the monovalent cations sodium and potassium. Mineral absorption 
and excretion are, in part, active processes, increasing heat production. Using a mathematical 
model, this effect was estimated at about 1% of energy requirements for maintenance. A lower 
energy requirement may result from a reduced produc-tion of endogenous protein. In growing 
pigs, dietary phytase supplementation decreased gastric mucin production. Possibly, the for
mation of inositol mono-, di- or tri-phosphates may act positively on the growth of animals, 
but this remains to be confirmed. In conclusion, phytase improved digestibility of amino 
acids, both in poultry and pigs. It also improved energy metabolizability in poultry. Energy 
utilization in pigs is probably affected, but the mechanism needs further clarification and 
quantification. 
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Introduction 

PHYTATE 

About 65% of phosphorus (P) in vegetable feedstuffs is present in phytate. Phytate is a salt of 
phytic acid (myo-inositol 1,2,3,4,5,6-hexakisphosphate). Phytate accumulates in discrete 
regions of grains and seeds during the ripening period and during maturation. These regions 
are not the same for all seeds. In corn 88% of phytate is stored in the germ, whereas in wheat 
87% is stored in the aleurone layer. In most dicotyledonous seeds, the largest part is stored in 
the cotyledons (Reddy, 2002). For plants, phytate is the primary storage for P, inositol and 
cationic minerals (Reddy et al., 1982). Phytate is negatively charged under physiological con
ditions, thus can complex cations like Ca, Zn, Fe and K. The negative charge makes phytate a 
strong organic chelator. During germination, these nutrients are made available to the plant at 
the required moment by the action of phytate-degrading enzymes (Reddy et al., 1982; Scott 
and Loewus, 1986; Lasztity and Lasztity, 1990; Loewus, 2002; Reddy, 2002). 

The history of phytate goes back to 1855, when Hartig isolated a fraction from plants that 
mainly contained this material. Andersen (1914) described the chemical structure of phytic 
acid (cit. Reddy et al., 1982). Bruce and Callow (1934; cit. Taylor, 1979) reported that animals 
utilize phytate-P less efficiently than inorganic P. From that time on, the relationship between 
phytate and mineral availability (notably P) has been studied widely in animals. Soon, it was 
accepted that phytate-P is not readily available to monogastric animals. Moreover, it became 
clear that phytate inhibits mineral availability (Taylor, 1979). 

Monogastric animals like pigs and poultry lack the enzyme system to degrade phytate in the 
gastro-intestinal tract. Diets for these animals consist largely of feedstuffs of vegetable origin, 
thus P-digestibility is usually low. Also between such feedstuffs P digestibility varies. For 
pigs, P digestibility is only 14% in phytate-rich rice bran. In peas, which contain a relatively 
small amount of phytate, this value is 45%. P digestibility for poultry shows values similar to 
those for pigs (CVB, 2000). In order to fulfill the animal's requirement for the essential 
mineral P, a source of highly digestible P (e.g. an inorganic phosphate) needs, therefore, to be 
included in its diet. As the quantity of P retained in the animal's body is more or less constant, 
a high excretion of non-utilized P into manure is the result. This may lead to environmental 
pollution in areas with intensive pig and poultry production. Phosphate overfeeding of lakes 
and rivers, locally or downstream, may result in an excessive growth of algae and a depletion 
of oxygen in the water. A reduction in the aqueous fauna (e.g. fish) may be the consequence. 

PHYTASE 

Phosphate can be hydrolyzed from the phytate-molecule by phytase, an enzyme of the group 
of phosphatases. Suzuki et al. (1907, cit. Reddy et al., 1982) were the first to extract phytase 
(from rice bran). Phytases are present in plants, animals, fungi and bacteria. Two types of 
phytase are known: 3-phytase (EC 3.1.3.8) and 6-phytase (EC 3.1.3.26). The first ester bond 
hydrolyzed by these enzymes is at the D-3 and the L-6 position, respectively. Most micro
organisms produce 3-phytase. 6-phytase is mainly found in plants, although some microorga
nisms produce it too (Misset, 2003). 
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Plants that contain high levels of phytase, e.g. rye, wheat and barley, may be used to improve 
P-digestibility (Pointillart et al., 1987; Pointillart, 1991). Their phytase levels are, however, 
often variable (Eeckhout and De Paepe, 1994; Barrier-Guillot et al., 1996). Per unit activity, 
vegetable phytase is less efficient than microbial phytase (Eeckhout and De Paepe, 1992b; 
Frapin and Nys, 1994; Waremko et al., 2001). 

Nelson et al. (1968) showed that microbial phytase supplemented to chicken feed increased P 
availability. But it was not considered possible to produce the enzyme in an economical way 
until the 1980's. Political pressure to reduce environmental pollution and the introduction of 
"manure-legislation", led in The Netherlands to the formation of a consortium that investi
gated means of reducing animals' P-output. This consortium included research organizations 
(Poultry Institute "Het Spelderholt", Institute of animal nutrition "IVVO" (both now part of 
the Animal Sciences Group, Wageningen University and Research Center) and TNO), the feed 
industry and Gist-brocades (now DSM). One of the main research objectives was the develop
ment of an economic usable phytase product. The recent development of modern biotechno
logy made this possible. Researchers from TNO and DSM cloned the phytase gene from an 
Aspergillus niger (ficuum) and brought it to overexpression in a production organism, also an 
Aspergillus niger (Van Hartingsveldt et al., 1993). The product developed, Natuphos , was 
first commercialized in 1991. It allows the reduction in P-excretion of animals by about 30%. 

Phytases from different sources differ in their biochemical characteristics. The Aspergillus 
niger phytase mentioned has two pH optima: around 5.5 and 2.5. At pH 5.5 the activity is 
maximal (at 37°C). This phytase can hydrolyze the phosphate groups from the substrates 
phytate (IP6) and the "lower" inositol phosphates: myo-inositol 1,2,4,5,6-pentaphosphate (IPs) 
to wyo-inositol 2-monophosphate (2-IPj). Phosphate and inositol are the final products. The 
enzyme has, however, a low affinity for 2-IPi (Misset, 2003). The ability of phytase to release 
P from phytate is called "P-equivalency". This indicates the quantity of phytase that can 
replace 1 g P from monocalcium phosphate (MCP-P). For pigs and broilers, P-equivalency is 
500 FTU. FTU is the abbreviation for FyTase (phytase) Unit. One FTU is the amount of 
enzyme that liberates, in one minute, 1 umol orthophosphate from a 5.1 mM sodium phytate 
solution at pH 5.5 and at 37°C (Engelen et al., 1994). 

The combined characteristics of phytase and conditions in the gastro-intestinal tract (residence 
time of feed and phytase, pH value, grade of phytate accessibility and phytase degradation) 
determine that, in pigs, the stomach is the main site of phytase activity. Jongbloed et al. 
(1992) and Yi and Kornegay (1996) confirmed this experimentally. The crop, proventriculus 
and gizzard are the main sites of phytate degradation in poultry (Liebert et al., 1993; Yu et al., 
2004). A limitation to phytate hydrolysis is the time available to the enzyme for this hydroly
sis. Retention time in the stomach of pigs, and in the crop, proventriculus and gizzard of poul
try, varies widely, depending in part on feed composition and feed-particle length. Especially 
the passage of the liquid fraction, including the dissolved components, is generally high 
(Argenzio, 1993a; Van der Klis, 1993). 
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PHYTATE-NUTRIENT COMPLEXES - THEIR DEGRADATION BY PHYTASE 

Phytate contains six ortho-phosphate groups. At pH 4 the phytate anion has six negative char
ges, at pH 6 six or seven (Champagne, 1988; Bebot-Brigaud et al., 1999). There is, conse
quently, a strong ability to complex positively charged ions. Phytate can form complexes with 
cationic minerals, but also with protein and starch, as depicted in a model of the phytate-
complex (Figure 1). 
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Figure 1. A possible model of phytate at slightly acidic pH. 

Under acidic conditions (pH < 5), cationic minerals are mono-coordinated, bound to phos
phate at the 2 (2-P) or 5 (5-P) position. From pH 5 to 9, divalent cations are bound mono- or 
bi-coordinated, to 2-P and 1-P or 3-P, or to 5-P and 4-P or 6-P. At pH > 9, they are bound bi-
coordinated, mainly to 2-P and 1-P or 3-P (Bebot-Brigaud et al., 1999). Under acidic condi
tions, proteins and phytate mainly form binary complexes. At pH 8-9, which is for pigs and 
poultry of little significance, ternary protein-cation-phytate complexes can be formed (Cos-
grove, 1966; Cheryan, 1980; Selle et al., 2000). Complexed protein can be of dietary origin 
(Ravindran et al., 1995; Selle et al., 2000) and of endogenous origin, e.g. digestive enzymes 
(Camus and Laporte, 1976; Singh and Krikorian, 1982; Knuckels and Betschart, 1987; 
Knuckels, 1988). Also starch and fatty acids can bind to phytate, the latter via ternary com-
plexing to a cation or protein (Cosgrove, 1966; Thompson and Yoon, 1984; Lasztity and 
Lasztity, 1990). When phosphate is hydrolyzed from phytate, the binding between phytate and 
the complexed cations, proteins or starch is also severed. These nutrients can then be dissol
ved and are available for gastro-intestinal absorption. 

Phytate contains a lot of P that is not available to the animal, and since it also inhibits the 
availability of some other nutrients, it is called an anti-nutritional factor (ANF). The definition 
of ANF ('non-fibrous, natural substances causing negative effects on growth and health in 
man and animals'; Huisman, 1990) is here adapted to 'non-fibrous, natural substances causing 
negative effects on growth, health, or nutrient utilization in animals'. Possible anti-nutritional 
effects of phytate are presented in Table 1. 
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Table 1. Phytate: possible anti-nutritional effects and consequences. 

Phytate characteristic 

Contains much P (28.2% in phytic 
acid). 

Complexing to cations (Ca, Zn, 
Fe,Cu,...). 

Complexing to proteins: 
- Native proteins. 
- Dietary proteins (de novo 

complexing within g.i.t.1). 
- Endogenous proteins (digestive 

enzymes; mucus). 

Complexing to starch and lipids. 

(Dietary) effect 

Low P availability. 
Inorganic phosphates added to feed; much P in manure. 
Buffering capacity of the feed affected. 

Low solubility of cations. Decreased availability. 
Acid-base balance affected, which affects energy metabolism. 

Proteins are not maximally solubilized. 
Proteins are bound to phytate, and not/less soluble. 
Less digestive enzymes available in the g.i.t. 
Production and secretion of digestive enzymes and/or mucus 
increased. 

=> Lower availability of protein. 
=> Digestion of protein, starch and lipids lower. Loss of 

endogenous proteins. Energy costs of extra produced 
endogenous proteins. 

Less starch and/or lipids are solubilized in the g.i.t. 
Lower energy utilization. 

gastro-intestinal tract 

In many studies it has been shown that dietary phytase supplementation reduces the anti-nutri
tional properties of phytate. Many papers described the improved P digestibility by phytase. 
Dungelhoef and Rodehutscord (1995) and Kornegay (2001) reviewed this effect. The effect 
on the digestibility of minerals, like Ca, Zn, Fe and Cu, has been investigated in pigs (Pallauf 
et al., 1992a; Adeola, 1995; Jongbloed et al., 1995) and poultry (Simons et al., 1990; Yi et al., 
1996a). Officer and Batterham (1992a) and Mroz et al. (1994) showed that protein digestibi
lity in pigs improved with phytase supplementation; Van der Klis and Versteegh (1991) found 
similar results in poultry. Phytase may increase the digestibility of starch (Thompson and 
Yoon, 1984) and of fat (Ravindran et al., 2000), and thus of dietary energy utilization. 
Increased mineral digestibility permits the feed compounder to reduce dietary levels of these 
minerals, and, consequently, their output into the environment. Similarly, increased protein 
digestibility and energy utilization permits the feed compounder to reduce inputs (e.g., pro
tein), and to reduce output to the environment (e.g., nitrogen and the quantity of manure). A 
better utilization of feed increases the efficacy of animal production, with a reduction of 
manure output to the environment, and optimizes the economy of animal production. 

MICROBIAL PHYTASE - EFFECT OF DIETARY APPLICATION 

It might be expected that the reduction of the anti-nutritional properties of phytate by phytase 
will result in improved performance of pigs and poultry. This hypothesis was tested in several 
studies, by adding phytase to diets not limiting in digestible P. A review of the literature (Kies, 
1997; Kies et al., 1997) pointed out that feed conversion efficiency of piglets was improved 
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markedly (Figure 2). At an inclusion level of 500 FTU/kg, the calculated improvement in 
performance was 3%. A similar improvement in performance was observed in broilers fed 
diets not limiting in P (Schutte and Kies, 1995; Kies and Schutte, 1997). 

a. o 

b 

500 
FTU/kg 

1000 1500 

Figure 2. Effect of dietary microbial phytase on corrected feed conversion ratio (cFCR)' in 
piglets (6-30 kg), using diets not limiting in digestible P3'4. 

' The feed conversion ratio (feed : gain) was corrected for differences in growth rate, assuming 25 
g growth/d is equal to 0.01 FCR-unit. 

2 The response was expressed as 'difference cFCR', the difference of the calculated cFCR with 
that at 0 FTU/kg. Mean cFCR was 1.51 at 0 FTU/kg. 

3 Data from: Beers and Jongbloed (1992), Pallauf et al. (1992b), Barnett et al. (1993), Hoppe et al. 
(1993), Van der Peet-Schwering (1993), Yi et al. (1996d), Kornegay and Qian (1996) and 
Campbell (1993-1996). 17 sub-trials (defined by the basal diet) were used. Basal diets were not 
limiting in digestible phosphorus level according to the authors or the recommendations of 
Jongbloed etal. (1994). 

4 Regression line: Difference cFCR = Aj + 0.000094 * FTU/kg, with: A; = calculated intercept per 
(sub-) trial (i=l-17), and FTU/kg = added microbial phytase (R2= 0.94). 

The improved performance due to phytase could be explained by: 

1. Increased P digestibility. The assumed P requirement does not necessarily give maximum 
performance. It was shown, however, both in pigs (Van Kempen et al., 1976; Jongbloed, 
1987) and broilers (Huyghebaert, 1996) that a digestible phosphorus level slightly above 
requirement has little effect on performance. 

2. Increased solubility of cationic minerals (e.g., Ca, Zn and Fe). Because (micro-) minerals, 
except Ca, P and Na, are usually added to feeds in excess of the animals' requirement, it is 
unlikely that improved mineral availability results in an enhanced animal performance. 

3. Increased amino acid digestibility. The effect of phytase on protein digestibility was 
quantified (Kies, 1997). Increased amino acid digestibility explains the improved perfor
mance in part. The contribution of the increased lysine digestibility to the improved 
performance was estimated by comparing the result with the effect of dietary lysine 
supplementation on performance (cFRC) of piglets (Kies, 1997). It was estimated that the 
improved lysine digestibility by phytase (0.10 g/kg feed containing 500 FTU) could 
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explain about 10% effect of phytase on performance (Figure 2). For the effect of phytase 
on all amino acids together, roughly 10-25% of the improved cFCR could be explained 
(Kies, 1998). 

4. Increased energy utilization. Phytate may inhibit digestion of starch and fat. But in studies 
of Eeckhout and De Paepe (1992a), O'Quinn et al. (1997) and Sands et al. (2001) no 
positive effect of dietary phytase addition on energy digestibility was observed in pigs. 
Energy utilization could, however, also be improved due to amelioration of postabsorptive 
energy processes. For example, endogenous protein production could be decreased due to 
phytase supplementation. Endogenous protein production is a process that requires much 
energy. Prior to the start of the projects described in this thesis, this was not investigated. 

HYPOTHESES 

The primary hypotheses that are investigated in this thesis are: 

• Dietary phytase facilitates the extent to which amino acids are released from protein by 
endogenous enzymes. 

• Dietary phytase improves the utilization of energy due to an increased digestibility, an 
increased metabolizability, an improved level or rate of fat- and/or protein deposition, or a 
reduced requirement of the animal for maintenance (e.g. via an altered acid-base balance 
or a reduced endogenous protein production). 

Secondary hypotheses tested are: 

• Dietary phytase supplementation results in an increased absorption and excretion of min
erals, and consequently in a change to the acid-base balance. Mineral absorption and ex
cretion may cost energy. 

• Dietary phytase facilitates a faster adaptation of newly weaned piglets to their new 
environmental conditions. 

• Dietary phytase reduces the energy required for gastro-intestinal tissues and absorptive 
processes. By binding digestive enzymes, phytate could increase the need for enzyme pro
duction via a negative feedback mechanism (Singh and Krikorian, 1982; Selle et al., 
2000). Phytate degradation would result in lower production of endogenous proteins. 
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CONTENTS OF THIS THESIS 

Chapter 1 describes the complexation of phytate and protein. The effect of phytase on the rate 
and extent of hydrolysis of the phytate-protein complex and on the efficacy of protein degra
dation by digestive proteases from the phytate-protein complex was studied in vitro. 

Chapter 2 describes a study performed with broilers. In the experiment, the effect of dietary 
phytase supplementation on protein digestibility and on energy metabolisation was measured 
in a diet limited in lysine content. 

Chapter 3 presents a meta-analysis that was performed on the effect of phytase on amino acid 
digestibility in poultry and pigs. This analysis was based on literature data. Also the effect on 
metabolizable energy (ME) for poultry was estimated. An update of the values calculated by 
Kies (1997), and their economic impact, is presented. 

Chapter 4 describes a study to the effect of phytase on energy utilization in newly weaned 
piglets fed ad libitum, using indirect calorimetry. 

In Chapter 5 a similar study in restrictedly fed piglets, three weeks post weaning, is described. 
In this study, digestibility and a number of blood parameters and organ weights were mea
sured. Because some positive effects of phytase, e.g. increased mineral absorption, can have a 
negative effect on energy requirement, a model is proposed to estimate energy costs of (re-) 
absorption of nutrients and mineral deposition in bone. 

Chapter 6 describes a study on the effect of graded, dietary doses of phytase on mineral 
absorption in piglets. 

In Chapter 7, the effect of phytase on ileal mucin loss in grower pigs is described. Mucin is an 
important source of endogenous protein production (and loss). Pigs were fed diets with a high 
or a low phytate level, to measure its influence on mucin production. The energy cost related 
to altered mucin production was estimated. 

Finally, all findings are discussed in Chapter 8. Metabolic costs involved with dietary phytate, 
and its reduction by phytase, were estimated, and possible physiological and physical expla
nations are given. 
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Chapter I 

ABSTRACT 

The interaction protein-phytate was investigated in-vitro at pH ranging from 2 to 10, using 
proteins extracted from five common feedstuffs and from casein. The appearance of natural 
soluble protein-phytate complexes in the feedstuffs, the formation of complexes at different 
pHs, and the degradation of these complexes by pepsin and/or phytase were investigated. 
Complexes of soluble proteins and phytate in the extracts appeared to be in small amounts, 
with the possible exception of rice pollards. Most proteins dissolved almost completely at pH 
2, but not after addition of phytate. Phytase prevented precipitation of protein with phytate. 
Pepsin could release protein from a precipitate at a rate that was increased by phytase. Phytase 
released protein from a protein-phytate complex, but did not degrade it. Addition of both 
pepsin and phytase resulted in protein breakdown and release from the complex. It appears 
that protein-phytate complexes are mainly formed at low pH, as occurs in the stomach of 
animals. Phytase prevented the formation of the complexes, and aided in dissolving them at a 
faster rate. This might positively affect protein digestibility in animals. 
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INTRODUCTION 

Phytates, salts of wjo-inositol 1,2,3,4,5,6-hexafc di-hydrogen phosphate or phytic acid, are 
found commonly in vegetable feedstuffs (Eeckhout and DePaepe, 1994; Ravindran et al., 
1995). On average about 67% of P in such feedstuffs is present in phytate. Monogastric ani
mals, like pigs and poultry, degrade phytate poorly. To increase the consequent low P digesti
bility, products containing microbial phytase were developed as a feed additive. Today, they 
are widely used in animal feeds. The enzyme hydrolyses phosphate groups from phytate, 
increasing P digestibility. 

At pH values of 1 to 6, which is the normal acidity in the stomach of pigs and in the crop, 
proventriculus and gizzard of poultry, phytate appears as an ion with 3 to 6 negative charges 
(Bebot-Brigaud et al., 1999). As a result, complexes are formed with cations such as K, Ca, 
Mg and Zn. Proteins can also bind to the phytate anion. This can be as a binary protein-
phytate complex, where protein is bound directly to phytate, or as a ternary protein-phytate 
complex. In the latter case protein is bound to a mineral ion, which itself is bound to phytate. 
The first form is mainly found at a pH of 5 and lower whereas the second form is mainly 
found at pH values above 7 (Cheryan, 1980). 

Phytate-protein complexes may be found, naturally, in plants (Ravindran et al., 1995). They 
can also be formed de novo in the gastro-intestinal tract of animals. The complexed proteins 
may, therefore, be of dietary or of endogenous origin, e.g. digestive enzymes (Camus and 
Laporte, 1976; De Rham and Jost, 1979; Singh and Krikorian, 1982). A free amino acid like 
lysine may also bind to the phytate ion (Rutherfurd et al., 1997). If these protein-phytate 
complexes are insoluble in the aqueous environment of the gastro-intestinal tract, it is more 
difficult for proteolytic enzymes to hydrolyze these proteins. Consequently, protein digestion 
may be inhibited. 

When phytase hydrolyzes the phosphate groups from phytate, complexed cations and proteins 
are also liberated. This may increase the availability of protein for the animal. In several expe
riments with pigs and poultry, the addition of phytase to the diet showed an improved digesti
bility of protein (Mroz et al., 1994; Selle et al., 2000; Kies et al., 2001). Although the effect is 
often quite small (Adeola and Sands, 2003), it may have a considerable impact in practice. 
Small changes in protein and amino acid digestibility can reduce feed costs considerably, due 
to a reduced need for addition of the first limiting amino acids. 

The objective of current in vitro experiments was to investigate mechanisms for the effect of 
phytase on protein digestion. Studied was whether different feedstuffs contain natural soluble 
protein-phytate complexes. It was also intended to study the formation of such complexes 
under conditions similar to those in the stomach of monogastric animals, and the effect of 
phytase thereon. In addition the effect of phytase on the hydrolysis of protein from a phytate-
protein complex by pepsin was investigated. 



14 Chapter 1 

MATERIALS AND METHODS 

Materials The experiment involved in vitro studies with six feedstuffs: corn, canola meal, 
rice pollards, soybean meal, sunflowerseed meal and casein. Apart from casein, these are 
commonly used in animal feeds. Samples were obtained from feed compounders, air-dried at 
70 °C, and ground to pass a 1 mm sieve. From these feedstuffs protein extracts were prepared 
as follows: 

1. 2.5 g of feedstuff was extracted with 25 ml water for 30 min at room temperature. 
After centrifugation (3000 g; 30 min), the supernatant was removed ("extract 1"). The 
remaining residue was extracted with 25 ml 0.1 M NaOH during 30 min at room 
temperature. After centrifugation (3000 g; 30 min), the supernatant was removed 
("extract 2"). The remaining residue was extracted with 25 ml 70% ethanol during 30 
min at room temperature. After centrifugation (3000 g; 30 min), the supernatant was 
removed ("extract 3"). 

2. For study 3, only casein and soybean meal were used. One extract was prepared by a 
slightly modified method. 10 grams of air-dry feedstuffs were mixed with 100 ml 0.1 
M NaOH over a 2-hour period. The supernatant was removed by centrifugation (3000 
g; 30 min). The pH of the solution was adjusted to 4.7 (1 N HC1) to precipitate the 
proteins. The precipitate was freeze-dried. The concentrations of protein and phytate 
were measured in this material, which was used for the studies ("extract 4"). 

3. For study 6, only casein was used. 10 ml solutions were constituted (0.1 M citrate 
buffer (pH 2.4) containing 25 mg casein). Where required, 1.25 mg phytic acid (PA) 
was added. The suspension was prepared one hour before the incubation with enzymes 
started, and was kept at 37°C. 

Sodium phytate and porcine pepsin were obtained from Sigma Chemical Co., St. Louis, MO, 
USA (numbers P-8810 and P-6887, respectively). The amount of phytate in solutions was 
calculated as PA. pH of solutions was obtained using buffers: 0.1 M citrate buffer or (for pH 8 
or higher) 0.1 M borate buffer. The pH was adjusted with HC1 or NaOH. All reagents used 
were of analytical grade. Microbial phytase (3-phytase, EC 3.1.3.8, from Aspergillus niger; 
Natuphos®) was obtained from DSM Food Specialties, Delft, The Netherlands. 

Methods Protein contents of feedstuffs and extracts were measured using the Kjeldahl 
method (AOAC, 1984). Relative protein content in solutions was measured with the Bio Rad 
Protein Assay. Phytic acid analyses were performed by HPLC, using an OmniPac PAX-100 
column and suppressed conductivity detection (Dionex). Size Exclusion Chromatography 
(Bio-Gel P-100; Bio Rad) was used to separate free and protein-bound phytate, using water as 
the eluent (Okubo et al., 1976). Separation and quantification of soluble protein was done 
using electrophoresis, according to their molecular weight. A homogenous gel, type 12.5 
(Pharmacia, Uppsala, Sweden), was used. Running conditions were 600 V, 50 mA, 30 W. 
After one hour, Coomassie Blue R 250 was used to fixate the gel and for coloring. The 
coloring is necessary for detection. Phytase was analyzed according to Engelen et al. (1994). 
Phytase activity is expressed in FTU, where one FTU is defined as the phytase activity that 
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liberates 1 umol orthophosphate from 5.1 mM sodium phytate per minute at 37°C and at pH 
5.5. All measurements were performed in duplicate. 

Experimental procedures 

Study 1. The extent of binding of proteins with phytate in nature was studied by measuring 
protein and phytate contents in the extracts no. 1,2 and 3. In extract 1, binding between 
protein and phytate was measured using Size Exclusion Chromatography. 

Study 2. Binding of protein and phytate in aqueous solution was studied at different pH's. 
Extract 2 was used, because (with the exception of rice pollards) this contained a high level 
of protein and a low level of phytate. The quantities of protein and PA in the solutions (10 
ml) are reported. For the phytate addition, natural PA was taken into account. The quantity 
was chosen to obtain maximal precipitation; only results with this dose are shown. 

Study 3. In this study, the ratio of protein (extract 4) to PA in the protein-phytate complex was 
measured dependant upon pH (2 and 3) and the protein : PA ratio (5, 10 and 20:1, w/w). 
After precipitation, the amounts of protein and PA in solution were measured, from which 
the quantities in the precipitate were calculated. 

Study 4. The effect of phytase on the formation of protein-phytate complexes was studied by 
adding 2.91 FTU phytase to the phytate solution (0.5 mg PA), before adding that to the 
protein extract (extract 2). 

Study 5. Phytate (0.5 mg) was added to extract 2 (the quantity used was chosen to obtain a 
final ratio protein : PA of 10:1) at pH 2, to form a protein-phytate precipitate. To study the 
release of protein from the complex, pepsin (8 FIP-U), pepsin and phytase (4 FTU), or 
nothing was added to the solution. Solubility of protein and phytate were measured after 
incubating the mixture at 37 °C for 30, 60, 120, 180, or 240 minutes. One FlP-Unit is defin
ed as the quantity of pepsin that changes the absorption at 280 nm with 0.01 unit/min at pH 
2.0 and at 37°C from the TCA-soluble fraction, using hemoglobin as the substrate. 

Study 6. To the casein-phytate suspension pepsin (8 FIP-U), phytase (0.08 FTU), or both were 
added. Also, solutions of only the enzymes in buffer were tested. After several time intervals 
(1, 2, 3, 4, 5, 6 and 24 hours) over the incubation period (37 °C), a sample of the total sus
pension was taken. These samples were divided into two equal parts. In one part the soluble 
phase was separated using ultra centrifugation (30000 g; "solution"). The other part was 
used as such ("suspension"). Proteins were determined by electrophoresis as described pre
viously. 

RESULTS 

Soluble protein extracts of the different feedstuffs (study 1) contained between 53% (canola 
meal) and 82% (rice pollards) of the total protein present in the raw materials (Table 1). Re
covery of phytate was low in sunflowerseed and canola meals, and high in corn. Overall, 
extract 2 contained most of the soluble protein, and extract 1 most of the soluble phytate. In 
extract 1, proteins and phytate were not bound. No clear correlation was observed between 
protein and phytate contents in the different extracts. 
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Table 1. Protein and phytate contents in different extracts of feedstuffs, total amounts of 
crude protein (CP; g/kg) and phytate (as phytic acid, PA; g/kg), and the percentage of solu
ble protein and phytate in these extracts relative to the content of the feedstuffs (study 1). 

Feedstuff 

Casein 

Corn 

Canola meal 

Rice Pollards 

Sunflowerseed meal 

Soybean meal 

Parameter 

CP 
PA 
CP 
PA 
CP 
PA 
CP 
PA 
CP 
PA 
CP 
PA 

1 

18 
2 

8 
6.9 
46 
3.7 
49 
19.1 
27 
4.9 
41 
12.1 

Extract 
2 

552 
-

46 
2.2 
106 
2.5 
56 

11.0 
128 
-

257 
1.3 

3 

55 
-
18 
-

27 
-
10 
-

21 
-

39 
-

Total 

880 
-

99 
8.8 
336 
32.6 
140 
98.0 
300 
35.4 
470 
15.8 

Soluble1 

(%) 
71 
-

73 
103 
53 
19 
82 
31 
59 
14 
72 
85 

In fractions 1 through 3, relative to total. 
2 Not detectable. 

Acidity of the solutions and phytate addition had a large impact on the solubility of protein 
(study 2; Table 2). At pH 2, and at pH 8 or higher, protein dissolved almost completely, 
whereas most of it precipitated at pH 3 to 5. For most feedstuffs, addition of phytate decreas
ed solubility of protein under acid conditions, especially at pH 2. The disappearance of dis
solved phytate from the solution confirms that protein-phytate complexes were formed. The 
exception was rice pollards: its protein precipitated at pH 2, independent of phytate addition. 

Table 2. Relative amount of protein (%) in solution with or without addition of 
phytate at different pH's (study 2). 

Feedstuff 

Casein (13.75)1 

Corn (4.4) 

Canola meal (2.65) 

Rice Pollards (1.4) 

Sunflowerseed meal (3.9) 

Soybean meal (2.36) 

Addition 
2 

+ 
-
+ 
-
+ 
-
+ 
-
+ 
-
+ 

2 

100 
1 

100 
28 
100 
63 
22 
16 
100 
26 
91 
2 

3 

3 
0 
42 
33 
81 
78 
39 
33 
20 
17 
60 
23 

4 

1 
1 

36 
32 
71 
73 
38 
36 
20 
16 
17 
16 

PH 
5 

85 
91 
34 
33 
76 
74 
38 
35 
22 
21 
71 
61 

8 

92 
86 
97 
98 
93 
97 
96 
91 
88 
98 
87 
87 

10 

90 
83 
84 
86 
99 
100 
100 
97 
98 
93 
100 
100 

mg crude protein in solution per 10 ml sample (extract 2) 
! -: no phytate added; +: phytate added (amounts per sample: casein 1.0 mg; corn 0.5 mg; canola 
meal 0.2 mg; rice pollards 0 mg; sunflowerseed meal 0.2 mg; soybean meal 0.5 mg). 
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Precipitation of protein-phytate complexes depended on the ratio of protein to phytate in the 
solution (study 3). Protein precipitated at pH 2 when this ratio was 10 : 1 (Table 3). With 
casein, but not with soybean meal extract, some precipitate was formed at a ratio of 20 : 1. At 
pH 3 most protein precipitated, also at a ratio of 20 : 1. The ratio of protein : phytate in the 
precipitate was about 10:1 with both feedstuffs at pH 2. This ratio was higher at pH 3 than at 
pH 2. This indicates that less phytic acid is required to form a precipitate at pH 3 than at pH 2. 
Contradictory to pH 2, at pH 3 the protein : phytic acid ratio in the precipitate increased with 
increasing quantity of phytate added to the solution. Also, for the other four feedstuffs, 
protein: phytate ratios of about 10:1 and 20 : 1 were found in the precipitates formed at pH 2 
and 3, respectively. 

Table 3. Relative amount of protein and phytic acid (%) in the precipitates obtained at 
pH 2 or 3, with different amounts of added phytate (expressed as phytic acids; PA) 
and protein (CP). Experiment with extract 4 from casein and soybean meal (study 3). 

Feedstuff 

Casein 

Soybean meal 

pH 

2 

3 

2 

3 

Amount added 

CP (mg) 

25 

25 

23.6 

23.6 

PA(mg) 

5 
2.5 

1.25 
5 

2.5 
1.25 

5 
2.5 

1.25 
5 

2.5 
1.25 

CP (%) 

99 
98 
36 
99 
98 
95 

92 
87 
0 
95 
93 
90 

In precipitate 

PA (%) 

48 
90 
56 
42 
66 

100 

50 
88 
0 

39 
57 
67 

Ratio (w/w) 

10 
11 
13 
12 
15 
19 

9 
9 
-

11 
15 
25 

Addition of phytase to the phytate solution before addition to the protein extract (study 4) 
prevented the formation of a protein precipitate to a large extent (Table 4). Phytate is 
hydrolyzed by phytase, which prevents the formation of protein-phytate complexes. 

Incubation of soybean protein-phytate precipitate with pepsin at pH 2 (study 5) slowly 
reduced the amount of precipitated protein (Figure 1A). When phytase was also added, 
protein dissolved faster from the precipitate. In addition, the extent of protein dissolution was 
larger. Without the addition of pepsin, the amount of protein precipitated was stable at 100%. 
At pH 3 (Figure IB) the extract already showed a partial precipitation of its protein without 
phytate addition (Table 2). For that reason, the quantity of precipitated protein without 
addition of phytate decreased at pH 3 (Figure IB). When phytate was added, the dissolution 
rate of precipitated protein was reduced, but when phytase was also added this rate was higher 
than for the control. 
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Table 4. Relative amount of protein (%) in solution with or without addition of phytate 
to feedstuffs extract (extract 2), in combination with phytase at pH 2 and 3 (study 4). 

Feedstuff 

Casein (13.75)4 

Corn (4.4) 
Canola meal (2.65) 
Rice Pollards (1.4) 
Sunflowerseed meal (3.9) 
Soybean meal (2.36) 

P1 

100 
100 
100 
225 

100 
100 

pH2 
pp2 

1 
28 
63 
16 
26 
2 

ppp3 

93 
100 
95 
57 
90 
99 

P 

3 
42 
89 
39 
34 
60 

pH3 

PP 

0 
33 
81 
33 
23 
32 

PPP 

4 
42 
82 
47 
28 
60 

1 P: protein extract only 
2 PP: protein extract with phytate (amounts per sample: casein 1.0 mg; corn 0.5 mg; canola meal 0.2 mg; 

rice pollards 0 mg; sunflowerseed meal 0.2 mg; soybean meal 0.5 mg). 
3 PPP: protein extract with phytate and phytase (2.91 FTU) 
4 mg crude protein in solution (3.1 ml) per sample 
5 probably due to the high content of phytate in the protein extract 

Degradation of protein from the protein-phytate precipitate by pepsin, with or without addi
tion of phytase, was studied in study 6. The electrophoresis-gels after 1 and 2, 3 and 4, 5 and 
6, and 24 and 1 hours incubation, are shown in Figure 2, panes A, B, C and D, respectively. 
The bands indicate the size of proteins in suspension and in solution. Pepsin and phytase 
themselves do not form bands (Figure 2A, lanes 2 and 3), thus are not interfering with the 
results. After one hour, protein bound to phytate resembles pure casein (Figure 3A, suspen
sion, lanes 4, 5, 7 and 8 vs. lane 1). When phytate was not added, pepsin hydrolyzed protein 
(lane 6, suspension) and proteins appeared in solution. Phytate formed a stable complex with 
casein: even after 24 hours protein was in suspension, whereas no protein appeared in solu
tion (Figure 2D, lane 4). Addition of phytase liberated part of the protein from the protein-
phytate complex, but did not degrade the protein into smaller units (lane 5). In contrast, addi
tion of pepsin alone degraded the protein of the complex into smaller units, but did not 

300 

Time (min) 

Figure 1. Relative amount of protein in a precipitate formed at pH 2 (from soybean meal pro
tein extract), after addition of pepsin (8 FIP-U). P is the control, no addition of phytate or phy
tase. To PP phytate was added. To PPP, phytate and phytase (4 FTU) were added. Measure
ments at pH 2 (A), or at pH 3 (B) (study 5). 
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liberate these units from the complex until small units (ca. 12 kD) were formed (lane 7 vs. 
lane 4). Combined effects: liberation of the protein from the protein-phytate complex and 
degradation of the protein into smaller units, were observed when both phytase and pepsin 
were added (lane 8). 

DISCUSSION 

Protein-phytate complexes may already exist in the plant, or they might be formed when pro
tein and phytate react within the gastro-intestinal tract of monogastric animals. In the present 
study, no clear correlation between the amount of protein and phytate in extracts 1-3 (water, 
dilute NaOH and ethanol extracts) was observed. In extract 1, phytate levels were relatively 
high with soybean meal, corn and rice pollards. Size exclusion chromatography indicated that 
no protein-phytate complexes were present in this extract. Only in rice pollards was recovery 
of phytate in extract 2 high. This feedstuff, therefore, may contain natural, soluble protein-
phytate complexes. A low recovery of both protein and phytate, such as in canola meal, does 
not permit to draw a conclusion on the existence of natural protein-phytate complexes. These 
results suggest that complexes of soluble proteins and phytate do not exist, or exist in small 
amounts only, in the investigated feedstuffs, with the possible exception of rice pollards. 

In many plants phytate is stored in globoids. Globoids are particles that are usually incorpo
rated in the protein bodies of plant-cells (Scott and Loewus, 1986). Consequently, phytate is 
usually stored in tissues that are rich in protein, e.g., the germ or aleurone layer. This may lead 
to the assumption that protein is bound to phytate. The similar solubility behavior of both pro
teins and phytate also suggests this (Cheryan, 1980). But globoid crystals contain often only a 
small amount of protein (Reddy, 2002). This makes a direct binding between protein and phy
tate less obvious. Our results agree with this, though we studied soluble proteins only. 

The complexing of protein with phytate has been shown in different in vitro studies (De Rham 
and Jost, 1979; Cheryan, 1980). In vivo, the possible influence of protein-phytate complexing 
was studied in a number of experiments, by means of digestibility studies. In those studies 
diets were supplemented with phytase, which degrades phytate. With phytase supplementa
tion, ileal amino acid digestibility increased in pigs (Officer and Batterham, 1992a; Mroz et 
al., 1994) and poultry (Namkung and Leeson, 1999; Ravindran et al., 2000). The improve
ment is not always significant (Adeola and Sands, 2003), but in a meta-analysis the phytase 
effect was significant (Kies et al., 2001). 

From study 1 it appears unlikely that a large quantity of natural, soluble protein-phytate com
plexes exist in the feedstuffs studied. Thus, insoluble protein-phytate complexes that are 
digested with phytase addition must have been formed within the gastro-intestinal tract of 
monogastric animals. From our results it is very likely that such insoluble complexes are for
med in the stomach. At pH 2, most proteins were dissolved, but most precipitated after addi
tion of phytate, with the exception of canola meal. Distal from the proximal duodenum, the 
pH is usually higher than 4. No protein-phytate complexes were formed at such pH values. 
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More than 85% of the protein precipitated when the ratio protein : phytate was 10 : 1 (at pH 
2), or 20 : 1 (at pH 3; Table 3). The protein : phytate ratio in the complex was lower at pH 2 
than at pH 3. Probably, phytate has more negative sites available for binding to protein at pH 
3, than at pH 2 (Bebot-Brigaud et al., 1999). A higher number of negative sites result in an 
increased rate of formation of phytate-protein agglomerates. The "expansion" of this agglo
merate continues when additional phytate is available, because the level of phytate in the 
complex increases with increasing phytate addition at pH 3. At pH 2, the possible binding 
sites may be saturated with protein-bonds, when the precipitate is formed. Therefore, the rela
tive amount of phytate in the protein-phytate complex varies little with increasing phytate 
addition. As an approximate mean, practical corn-soybean meal diets for monogastric animals 
contain about 20% crude protein and about 1% phytate (expressed as phytic acid), a ratio of 
20 : 1. Therefore, the formation of protein-phytate complexes described above may occur in 
the stomach of animals, assuming a mechanism similar to that in the extracts used in the pre
sent study. 

The ratio of protein : phytate in the precipitates (Table 3) was higher than those measured by 
Lasztity en Lasztity (1990). They found a maximal phytate load in protein-phytate precipitates 
(pH 2 - 5.5) of 126, 90 and 30 mol per 100 kg protein, for soy glycenin, sunflower seed glo
bulin and wheat gluten, respectively. This means the protein : phytate ratios were 1.2 to 5 
(w/w). This large difference from our results may be explained by the different characteristics 
of the proteins used, and by the test conditions. 

In these tests, at pH 3 the protein : phytic acid ratio was higher in the precipitate of soybean 
meal than of casein. This is probably related to the amino acid composition. Basic amino 
acids may link best to the phytate ion. Soybean meal contains (on a protein basis) a higher 
level of arginine, and about equal proportions of lysine and histidine, as compared to casein 
(CVB, 2000). 

Phytase supplementation prevented the formation of protein-phytate complexes to a large 
extent (study 4). If these complexes had been formed already, pepsin dissolved protein from 
the complexes at a higher rate and to a larger degree when phytase was also added (Figure 1). 
Protein present in precipitates was hydrolyzed into smaller parts by pepsin (Figure 2). The 
pieces were only dissolved from phytate when they were smaller than about 12 kD. When 
phytase was added to the protein-phytate precipitate together with pepsin, proteins were libe
rated from the complex, and hydrolyzed into smaller fragments at a faster rate than without 
phytase. Phytase itself, however, did not hydrolyze protein (Figure 2). 

For the digestion of protein by animals, the importance of the increased rate of protein hydro
lysis into smaller fragments, and the solubility of these fragments, is presently unknown. Pep
sin hydrolyzes protein at a lower rate from a protein-phytate precipitate than from soluble pro
tein. This does not mean, however, that the digestibility of these protein fragments is reduced 
to zero. When the pH rises, in the small intestine, probably a large part of the protein-frag
ments is dissolved. Proteolytic enzymes in the small intestine may further degrade these frag
ments. The digestion of amino acids depends on a dynamic system, which includes pH, resi-
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dence time in the different compartments of the gastro-intestinal tract, concentration and 
degree of solubility of proteins, and concentration of proteolytic enzymes. 

Dietary phytate increases the formation of insoluble protein-phytate complexes in the sto
mach. So there is a risk that phytate affects digestibility negatively. Phytase prevents forma
tion of these complexes, or aids to degrade them faster and further. It may, therefore, improve 
protein digestibility. This mechanism could explain the small increase in protein digestibility 
(about 1-2%-units) observed in many experiments (Kies et al., 2001). Also the binding of pro
teolytic enzymes to phytate may explain a part of this effect. 

It is concluded that in the feedstuffs studied in the present experiments, only a small amount 
of natural soluble protein-phytate complexes is present. Insoluble protein-phytate complexes 
are formed at low acidity, as found in the stomach of monogastric animals. Protein degrada
tion from such complexes by pepsin is at a lower rate than from soluble protein. Protein 
digestibility may, therefore, be slightly reduced. Dietary phytase supplementation prevents the 
formation of protein-phytate complexes, or aids in dissolving them faster. Phytase, therefore, 
may affect protein digestibility positively. 
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ABSTRACT 

An experiment was conducted to examine the effects of adding microbial phytase or lysine on 
the performance of broilers fed a phosphorus (P)-adequate, but lysine-deficient diet. A wheat-
soybean meal-sorghum-based diet, containing 1.00% lysine and 0.45% nonphytate P, was 
either supplemented with graded levels of lysine (0.06, 0.12, or 0.18%), or with graded levels 
of phytase (125, 250, 375, 500, 750, or 1000 phytase units (FTU)/kg diet). Each diet was fed 
to six pens of 10 chicks each from day 7 to 28 post-hatching. 

Addition of lysine linearly increased (P < 0.001) weight gain and gain : feed ratio of broilers. 
The response in weight gain to added phytase reached a plateau at 500 FTU/kg diet (quadratic 
effect, P < 0.001). Phytase had no effect on gain : feed to 250 FTU/kg diet and then increased 
(quadratic effect, P < 0.05) with further additions. 

Addition of increasing levels of dietary phytase improved (P < 0.001) the digestibilities of 
nitrogen and all amino acids. Assuming that the observed responses in weight gain and gain : 
feed to added phytase were due to the release of lysine alone and by solving linear or non
linear response equations for lysine and phytase levels, the lysine equivalency value was 
calculated to be 500 FTU/kg diet = 0.074% lysine. 

Phytase also increased the apparent metabolizable energy (AME) level; the response reached a 
plateau at 750 FTU/kg diet (quadratic effect, P < 0.001). These results showed that both 
amino acid (lysine) and energy responses are responsible for the performance improvements 
observed when phytase was added to a wheat-soybean meal-sorghum-based diet. 


