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GENERAL INTRODUCTION 

Phytic acid, a hexaphosphate ester of inositol, is the most 

common and probably the most important organic phosphorus-contain

ing compound in plants and plant products. It is found as a mixture of 

salts, calcium, magnesium, and potassium phytates, collectively 

termed phytin. The correct structural formula has yet to be decided 

due to the existence of many forms. Nevertheless, phytin has occupied 

the interests of analytical chemists, biochemists, and nutritionists for 

a number of years. 

Phytic acid is abundantly distributed in a wide variety of plant 

products; the amount varies from variety to variety and strain to strain. 

Of the total phosphorus present, phytin comprises 40-90% in cereals, 

5-72% in legumes, 0-16% in fruits, 0-13% in vegetables, and 5-23% in 

tubers. Most of the phytin in cereals is present in the outer bran layers. 

During germination, phytates are split by phytate-splitting enzymes and 

inositol is released along with phosphorus and other minerals for the 

nutrition of the growing plant. 

Phytic acid with 6 phosphate ester groups around a cyclohexane 

ring is a reactive molecule which can complex or chelate metal ions. 

1 
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It is one of two reagents that form an insoluble salt with scandium in 

the presence of mineral acids and hence is used in the determination of 

this element (Beck, 1950). Phytic acid is beginning to find application 

in such processes as the prevention of corrosion and the stabilization 

of metal oxides in cooling water. 

Smith and Raekis (1957) have observed that phytic acid forms 

complexes with soybean protein, probably through reaction with the 

basic groups of proteins. Evidence for the formation of two types of 

protein complexes was obtained by electrophoretic studies, the extent 

of the reaction being controlled by the pH of the system. 

Recently, there has been a great upsurge of interest in the 

metabolism of zinc in animals. Lease et al. (1960) have shown that 

chicks fed purified diets containing sesame meal as the sole source of 

protein developed zinc deficiency symptoms, although the diet contained 

more than the optimum level of zinc. Autoclaving of the sesame meal, 

or the addition of EDTA (ethylene diamine tetracetic acid) prevented 

the deficiency symptoms. Kratzer et al. (1959) have also shown that 

autoclaving of soybean protein or the addition of EDTA to the diet 

reduced the zinc requirement of turkey poults and prevented the devel

opment of deficiency symptoms. The detrimental effect of some protein 

sources was explained on the basis of the formation of a zinc-protein 

complex which rendered the zinc unavailable to the poults. When the 
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protein was denatured by autoclaving, or when a strong chelating 

agent (EDTA) was fed, the nutritional availability of the zinc was 

improved. 

O'Dell and Savage (1960) have observed that phytic acid has a 

high affinity for isolated soybean protein. When soybean protein and 

phytic acid were suspended in water and the slurry was stirred, a pro-

tein-phytic acid complex was formed. Similarly, a casein-phytic acid 

complex can be obtained. In further investigations, this protein com

plex was used after drying at 60° C in the diet of chicks as a source of 

protein. Under these conditions, zinc was found to be far less avail

able for growth. These data led to the conclusion that phytic acid, con

stituting more than 70% of soybean protein phosphorus, tied up zinc in 

such a way that it was not readily released for absorption from the 

intestinal tract. The reactivity of phytic acid appears to confer an 

antinutritional property by interference in trace metal metabolism. 

Phosphorus is highly essential for the growth, well-being, and 

reproduction for nearly all forms of plants and animals. Phosphorus 

compounds, however, differ greatly in availability and utilization. 

Optimum biological value is restricted to orthophosphates; other phos

phorus containing-materials such as phytin may exhibit lowered phos

phorus availability. 
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Bruce and Callow (1934) were the first to suggest that the 

failure of cereals to maintain calcification in animals was due to the 

unavailability of phytin phosphorus. Later, Mellanby (1949) advanced 

the view that phytates compete with inorganic phosphate for calcium 

and thus limit the amount of calcium available for absorption. Kreiger 

et al. (1940) observed that utilization of phytin phosphorus was increased 

by the addition of vitamin D, but in no instance was it as well utilized 

as inorganic phosphorus. 

Recently, Spitzer and Phillips (1945), using bone ash as the 

criterion, demonstrated that the addition of vitamin D to the diet of 

rats fed calcium phytate greatly enhanced phosphorus utilization. 

Gillis et al. (1949) observed that chicks fed 0.2% phytin phosphorus and 

0.4% inorganic phosphorus required about 40 units of vitamin Dg to 

maintain good growth. Symptoms of rickets were observed when phytin 

phosphorus was increased to 0.4% and inorganic phosphorus was reduced 

to 0.2% of the diet. These findings are in agreement with the earlier 

observations of Singsen et_al. (1947) that approximately 0.67% non-

cereal phosphorus in the diet with sufficient vitamin would satisfac

torily support growth and normal calcification of the poult. In a recent 

study, Gillis et al. (1953) have shown that hens fed 0.25% phytin phos

phorus required 0.5% inorganic phosphorus for satisfactory egg laying 

performance. These findings do not agree with those reported by 
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O'Rourke et al. (1954) that laying hens fed a soybean meal-corn gluten 

diet,containing 0.12% phytin phosphorus and 0.07% other organic phos

phorus , exihibited normal rate of production with the addition of only 

0.11% inorganic phosphorus. 

32 Tracer studies by Singsen et al. (1950) using P -labeled phytin 

32 indicated the appearance of P in various parts of the body including 
32 the tibia. However, these authors concluded that the appearance of P 

was not due to hydrolysis of phytin but due to exchange reactions either 

in the intestines or in the tissue following absorption. Similar studies 

were conducted by Gillis et al. (1957) to compare the metabolism of 

32 32 phytate-P and inorganic P . These workers concluded that normal 

32 young chicks utilized P -labeled calcium phytate only one tenth as 

effectively as sodium orthophosphate. But in vitro studies revealed 

that inorganic phosphate may exchange with phosphate groups of a phy

tin molecule; therefore, these results did not lead to any definite con

clusions . All of the available evidence indicates that chicks are ineffi

cient users of phytin phosphorus. 

A number of criteria have been used in the evaluation of the 

biological availability of nutrients. When practical application is of 

primary interest, growth, feed efficiency, and general condition of the 

animal are used. If more detailed availability data are required, other 

criteria are employed, such as percent bone ash and body weight, bone 
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weight and percent bone ash, toe ash, nutrient balance, concentration 

of the element in blood and tissues, and enzyme activity measurements. 

In the determination of phytin phosphorus availability, most investiga

tors have used percent bone ash and body weight as criteria. A linear 

response of percent bone ash to the feeding of graded increments of 

phosphorus in a phosphorus-deficient diet has been observed. 

Of these criteria, the determination of nutrient balance is the 

basic technique which has been applied extensively in nutritional studies 

of digestibility, utilization, and retention. The procedure usually fol

lowed is to collect all the excrement produced during the experimental 

period and by comparison with total food intake to determine the rate 

of disappearance of the nutrient under study. Edin et al. (1944) have 

developed a method known as the "indicator method," using an inert 

substance as a marker. Chromic oxide has been found to be among the 

best because of its inert nature and the availability of a good colori-

metric method for its estimation. More basic information about the 

biological availability of phytin phosphorus seemed highly desirable. 

The influence of phytic acid on the metabolism of calcium has 

been fairly well documented. Mellanby (1949) was the first to point out 

the anticalcifying effect of cereals in puppies and to ascribe the rachi-

togenic activity to the presence of phytic acid. Recently, Bronner et al. 

~ 45 (1954) have compared the absorption of Ca from a phytate rich cereal 
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45 (oat meal) with that of Ca in the presence of phytate-free cereal 

(farina) and have also studied the effect of added sodium phytate in the 

45 diet of normal adolescent boys. They found that the absorption of Ca 

in boys on an oat meal diet was 74% of that of boys on a phytate-free 

45 diet, while the absorption of Ca in boys on a diet containing sodium 

phytate was only 45%. Apparently, soluble salts of phytic acid exhibit 

greater interference in calcium metabolism than insoluble salts. How

ever, this inhibitory effect of phytic acid can be minimized in the pres

ence of excess calcium, vitamin D, or a proper Ca:P ratio. Generally, 

it has been agreed that the inhibitory effect of phytic acid on calcium 

metabolism is not a very serious one. 

Presently, sodium phytate is being studied for its potential 

therapeutic properties in the treatment of hypervitaminosis D and 

hypercalcemia (Hanneman et al., 1956). In a calcium balance study, 

sodium phytate was found to increase fecal calcium excretion and to 

decrease urinary calcium excretion. The general conclusion was that 

sodium phytate may be useful in situations in which there is excessive 

absorption of calcium. 

Investigations, conducted to evaluate the biological availability 

of phytin phosphorus, have revealed that vitamin D increased calcifica

tion more with phytin phosphorus than with inorganic phosphorus. The 

nature of the mechanism, whereby this improvement in the availability 
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of phytin phosphorus is effected has been*a challenge. Obviously, the 

dietary phytates must be hydrolyzed to free phosphate before phytate 

phosphorus can be utilized in the body. Therefore, phytate-splitting 

enzymes would have to be present in the tissues of animals. There is 

a great deal of published information on phytases in plants, but little 

is known regarding the occurrence of phytases in animals. 

Patwardhan (1937) was the first to observe phytase activity in 

the intestinal mucosa of rats using sodium phytate as the substrate. 

He further showed that magnesium ions acted as activators of phytase 

activity and that the pH optimum was 7.8. Spitzer and Phillips (1945) 

showed that the intestinal mucosa of chicks, pigs, and cows exhibited 

phytase activity. Very recently, Pileggi (1959) showed that phytase 

activity is widely distributed in the body of the rat, the highest activity 

being found in the proximal part of the intestinal mucosa. The relative 

distribution of this enzyme paralleled that of alkaline phosphatase 

activity. 

Steenbock et al. (1953) conducted investigations on rats kept on 

rachitogenic cereal diets; an increase in phytase activity in rats fed 

vitamin D supplements was observed. Recently, Roberts and Yudkins 

(1961) conducted similar experiments with rats fed a variety of purified 

diets. A significant increase in phytase activity and percent bone ash 

was observed with rats fed diets containing sodium phytate and supple

mented with vitamin D. The experiments of these two groups of 
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investigators revealed that there was no response in phytase activity 

to the feeding of phytates. 

Hitherto, no attempts have been made to establish or discount 

the existence of a phytate-specific phosphatase in the tissues of animals. 

All activity determinations have been made on intestinal homogenate 

systems. In the intestinal homogenate, there exist a group of phospho-

monoesterases of the acid and alkaline phosphatase type. The phospho-

monoesterases are known to be specific for the phosphate group and 

comparatively nonspecific to the remainder of the molecule. Pileggi 

(1959) observed a higher beta-glycerophosphatase activity than phytase 

activity in intestinal homogenates of rats. The lower activity with phy

tate as a substrate can be ascribed to the stereochemistry of the cyclo-

hexane ring in phytic acid. Little has been reported on the nature and 

specificity of the so-called intestinal phytase enzyme. 

There are significant gaps in our understanding of the chemis

try and metabolic role of phytic acid. The work reported here was 

undertaken to obtain basic information on the availability of phytin 

phosphorus and to explain the influence of phytic acid on mineral 

metabolism. 



PART I 

CHELATION OF PHYTIC ACID WITH SOME METALS 
AND THE INFLUENCE OF PHYTIC ACID 

ON ZINC UTILIZATION 

Introduction 

Neuberg (1908) was the first to advance the structure (I) for 

phytic acid on the basis of its elemental composition and the formation 

of furfuraldehyde when heated with phosphoric acid. In 1914, Anderson 

carried out a series of investigations on phytic acid isolated as the 

crystalline barium salt from a variety of sources such as cottonseed 

meal, oats, and corn. Elemental analyses of the acid from these 

sources gave the formula CgHjgOg^Pg, he proposed the inositol 

hexaphosphate structure (II) for phytic acid. Recently, Brown et al. 

(1961) conducted an analytical investigation on phytic acid and its salts, 

and also obtained some data on the potentiometric titrations of sodium 

4-2 +3 +4 + phytate with Pb , Fe , Zr , and Ag ions. These investigations 

support Neuberg's model. They conclude that of the 18 hydrogens in 

the Neuberg model, only 12 are available for titration in aqueous solu

tion; however, phytic acid showed a tendency to form chelate compounds 

with metal ions. 
10 
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HO-P: 

HO-P, 

h^4~° 
H 

HO-P-OH 

%P 

HO-P-OH 

C6H24027P6 ® C6H18°24P6 ^ 

Chelation of metal ions has a special significance in biological 

systems. Coenzyme functions of metals in enzyme-catalyzed reactions 

are believed to be exerted through chelation with the protein portion of 

the enzyme. The activities of iron-porphyrin and copper-pyridoxal 

systems are well known. In animal nutrition, chelation exerts a regu

latory influence on the absorption and utilization of metals. Phytic 

acid by its reactivity and wide occurrence may chelate metals and 

greatly influence their availability. 
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A metal chelate can be defined as a complex in which the metal 

is bound to another molecule, called a ligand, at more than one point, 

usually through groups with electron donating properties. By this type 

of binding, the metal becomes a part of the heterocyclic ring and loses 

its ionic character. Even when a weak and highly dissociated metal 

chelate is formed, some of the common properties of the metal ion 

such as color, oxidation potential, and solubility may be altered con

siderably (Chaberek and Martell, 1959). 

A number of useful techniques have been developed to detect 

chelation and to determine the stability constants and the formulas of 

the chelates. These methods involve either potentiometric, conducto-

metric, spectrophotometric, or polarographic measurements. More 

commonly, the pH drop or displacement of hydrogen ions accompanying 

chelate formation with ligands containing dissociable hydrogens is used 

to qualitatively estimate the relative stability of metal chelates (Martell 

and Calvin, 1952). 

Since most of the ligands are basic, they associate with hydro

gen ions over a wide range of pH. Therefore, the formation of a metal 

chelate compound involves a displacement of hydrogen ions from the 

ligand by metal ions. In the case of ligands containing a large number 

of acidic hydrogens, a large number of hydrogen ions may be displaced. 

Hence chelate formation with these ligands results in a significant pH 



13 

drop, which can easily be measured. This reaction can be represented 

as: 

M+n + H A » (MA)+(n"m) + mH+ 

m v 7 

The pH drop is frequently taken as a qualitative measure of the degree 

of interaction which takes place and hence the relative stabilities of 

various metal chelates with the same ligand can be measured (Chaberek 

and Mart ell, 1959). 

Phytic acid has 12 titratable hydrogens, 2 on each of the six 

reaction sites. Phytic acid is believed to exert an inhibitory effect on 

zinc utilization in animals (Lease et al., 1960; Kratzer et al., 1959). 

Using the pH depression method, a qualitative estimation of the rela

tive stability of chelates or the tendency of chelation of Zn, Cu, Co, 

Mn, and Ca with phytic acid has been made. The inhibitory effect of 

phytic acid on the utilization of zinc in chicks, using growth rate as the 

criteria, has been studied. 

Materials and Methods 

* -3 -1 
Phytic acid, 4.48 x 10 M, and 1.085 x 10 M sodium hydrox

ide solutions were used for titrations. A 25 ml sample of phytic acid, 

with and without equimolar concentration of Zn++, Cu++, Co++, Mn++, 

and Ca++, were titrated with sodium hydroxide. During titration, the 

j|c 
Nutritional Biochemicals Corporation, Cleveland, Ohio. 



solution was stirred continuously by a magnetic stirrer. Measurement 

of pH of the titration solution was made after each addition of 0.5 ml of 

base with a Beckmann (model N) pH meter equipped with an outer glass 

and saturated calomel electrode pair and standardized with Beckmann 

buffers. The pH values were plotted against the ratio of moles of NaOH 

added per mole of phytic acid. 

In the study of the effect of phytic acid on zinc utilization, 10 

New Hampshire X Delaware chicks (5 males and 5 females) were used 

for each lot. Four replicate lots were fed on each of the 6 treatment 

levels with and without added phytic acid (0.25%) at 3 different levels of 

zinc, for a 4-week experimental period. Birds were housed in electri

cally heated batteries with raised wire floors. Feed and distilled water 

were supplied ad libitum. The bird weights and feed consumption were 

measured at the end of 2 and 4 weeks. Mortalities were noted as they 

occurred. The basal diet employed was a zinc-deficient diet with iso

lated soybean protein as the source of protein (Table 1). Zinc was 

supplied in the form of ZnSO^ • THg.O. 

Results and Discussion 

In the titration curve (Figure 1) of phytic acid with NaOH, there 

were two inflection points corresponding to 8 and 12 moles of base per 

mole of acid. At the first inflection point, the 8 acid hydrogen ions of 
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Table 1. Composition of Basal Diet 1. 

Ingredients , Percent 

Isolated soybean protein (84% protein) 32.0 

Cerelose 49.5 

Soybean oil 2.7 

d-Alpha-tocopheryl acetate 0.3 

Mineral Mix* -Zn deficient 8.0 

Solka floe 3.0 

Vitamin Mix^ 4.0 

Choline chloride solution 0.5 

Total 100.0 

* Supplied the following per kilogram of the diet: 8.20 g. CaCOg, 
42.1 g. CaHP04- 2H20, 5.0 g. NaCl, 320 mg. MnS04' HgO, 160 g. 
ferric citrate, 16 mg. CuSO^* 2H2O, 4 mg. K3, 5 mg. CoClg* 6H2O, 
5.72 g. KC1, 5.70 g. MgSC^- 7H20, and 8 mg. NaMo04* 2H20. 

2 Supplied the following per kilogram of the diet: 22,000 I.U. vitamin A, 
2,200 I.C.U. vitamin D3, 1.25 mg. ethoxyquin, 20 mg. thiamine hydro
chloride, 6 mg. riboflavin, 15.2 mg. d-calcium pantothenate, 4 mg. 
pyridoxine hydrochloride, 20 mg. para-aminobenzoic acid, 1,000 mg. 
inositol, 100 mg. niacin, 5.65 g. DL-methionine, 2.5 g. glycine, 
3 meg. vitamin 0.1 mg. biotin, 1 mg. folic acid, and 1.5 mg. 
menadione sodium bisulfite. 
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^ /V 

Phytic Acid 

" +• Cu++ 

" " + Ca++ 

J I I I I I I I I I I L 

+ Mn1 

+ Go++ 

L 
6 8 10 12 14 16 18 20 22 24 

a, moles of NaOH per on* mole of phytic acid. 

26 28 

Figure 1. Titration of Phytic Acid with and without Metal Ions 
with Sodium Hydroxide. 



phytic acid were completely neutralized as shown in the equa

tion: 

H12Phy + 80H~ - H4Phy"8 + 8HzO 

Since the pK values for the dissociation of these 8 hydrogens are very 

close to one another, there was an overlap of the buffer regions giving 

a fairly long plateau between a * 6 and a * 8. However, these phytate 

anions with 8 units of negative charge still had 4 titratable hydrogens. 

The remaining 4 hydrogens were completely neutralized when 12 moles 

of base per mole of acid were added at the second inflection point as 

shown in the equation: 

H4Phy"8 + 40H~ - Phy"12 + 4H20 

Therefore, the dissociation of 12 titratable hydrogens per mole of 

phytic acid in an aqueous solution can be represented as: 

H12Phy * H4Phy*8 + 8H+ 1 

H4Phy"8 =: Phy'12 + 4H+ 2 

H12Phy r Phy"12 + 12H+ 

The acid-base titration curve also indicated that the phytate anions, 

"8 -12 H4Phy and Phy , were formed slightly above pH 3 and 6, respec

tively. 

The presence of equimolar concentrations of metal ions greatly 

altered the shape of the phytic acid titration curve. When the metal 
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chelate compounds are formed, hydrogen ions are replaced and the 

solution becomes more acidic. In other words, the acid-base titration 

curve was shifted to a lower pH range with the formation of chelate 

compounds. The titration curves (Figure 1) show a significant drop in 

pH when phytic acid is titrated in presence of equimolar concentrations 

of metal ions, the largest drop being in the case of Zn. The pH drop 

began only after 7-8 moles of base per mole of acid had been added, 

-8 when H^Phy ions were formed; this was also indicated by the dis-

"8 placement of only the second buffer region. Therefore, only H^Phy 

ions may be involved in the chelate forming reaction. This is of great 

biological significance as these are formed near the physiological pH 

ranges. The magnitude of the observed pH drop is directly related to 

"8 the metal-H^Phy binding tendency and therefore served as a qualita

tive measure of the stability of the chelate compound formed. Among 

the metals studied, zinc produced the largest pH drop and, therefore, 

appeared to exhibit a greater tendency for chelation with phytic acid. 

From these data one may conclude that: 

1. At lower pH ranges, phytic acid showed a greater affinity 

for hydrogen than for the metal ions studied or the metal chelate com

pounds formed were completely dissociated. 

2. The chelate formation tendency and the stability of the che

lates formed between phytic acid and the metals studied was in the 



order Zn++> Cu++ > Co++ > Mn++ > Ca++. The higher stability of zinc 

chelate was not surprising as similar findings have been reported 

(Cheney et al., 1959). 

The growth rate of chicks fed 10 ppm zinc with 0.25% phytic 

acid was significantly lower than the growth of birds not fed phytic 

acid. These data (Table 2) indicate that the added phytic acid inhibited 

the growth presumably by interference with the utilization of zinc. At 

the 50 ppm zinc level, there was no significant difference in the rate 

of growth due perhaps to the fact that the zinc requirement of chicks is 

only 35 ppm (O'Dell et_al., I960). 

Summary 

Relative tendency of some metals to form chelate compounds 

with phytic acid and the influence of phytic acid on the availability of 

zinc in chicks were studied. Of the metals studied, zinc appeared to 

form the most stable chelate with phytic acid in the physiological pH 

ranges. 

Addition of phytic acid (0.25%) to a low-zinc diet of chicks 

depressed the growth rate presumably by binding zinc and rendering 

the element less available for growth. Therefore, the greater tendency 

exhibited by zinc to form a chelate compound with phytic acid near 

physiological pH ranges and the poor absorption of phytates would pos

sibly explain the adverse effect of phytic acid on zinc metabolism. 
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Table 2. Effect of Phytic Acid on the Utilization of Zinc by Chicks 
Fed a Zinc Deficient Diet (Table 1). 

I t 

Percent ' . nnry% ' Avg. wt. at 
Phytic Acid ' '4 weeks (( 

0.00 0 376.0 ab 

0.00 10 431.0 c 

0.00 50 463.0 d 

0.25 0 357.0 a 

0.25 10 393.0 b 

0.25 50 466.0 d 

Means without a common letter are significant at the 0.05% level of 
probability. 



PART II 

AVAILABILITY OF PHYTATE PHOSPHORUS 

Introduction 

As early as 1930, Steenbock et al. pointed out the poor calcify

ing properties of cereals and suggested that the phosphorus compounds 

of cereals were low in biological availability. Bruce and Callow (1934) 

rightly ascribed the rachitogenic effect of cereals to the presence of a 

high proportion of phytic acid compared to other materials of the same 

phosphorus content. Since then, the particular factor responsible for 

the poor calcifying effect of cereals has been the focal point of interest 

to students of nutrition. The utilization of phytin phosphorus is of con

siderable importance since phosphorus is one of the elements likely to 

be deficient in unsupplemented rations. 

Although a large amount of experimental work has been done, 

all aspects of phytin phosphorus utilization have not been completely 

investigated, due partly to the differences in objectives with which 

these investigations were pursued. However, at the present time, the 

cumulative evidence indicates that phytin phosphorus is available to all 
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species of animals that have been studied, but the degree of availabil

ity is less than that of inorganic phosphorus sources and varies con

siderably among species. This leads to the conclusion that the total 

phosphorus, as measured by chemical methods, is not a reliable index 

of the nutritional adequacy of a given diet with respect to the mineral. 

Quantitative information concerning the digestibility of phos

phorus when phytin is fed as a source of phosphorus in the diet is basic 

to the understanding of the metabolism of the element. 

The following study was undertaken to evaluate the biological 

availability of phosphorus from two different phytate sources, sodium 

and calcium phytates. Growth rate, bone ash, and percent digestibility 

in rats or percent retention in chicks and hens were employed as cri

teria. Percent retention of calcium also has been estimated since it 

has a strong influence on phosphorus metabolism. 

Materials and Methods 

Experiments with Chicks: 

Three different studies were conducted with New Hampshire X 

Delaware chicks. In Experiment 1, an isolated soybean protein diet 

(Table 3) and in Experiments 2 and 3, the modified blood fibrin diet of 

Gillis and Norris (1948) were used (Table 4). 
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Table 3. Composition of Basal Diet 2. 

Ingredient , Percent 

Isolated soybean protein (84% protein) 32.0 

Cerelose 54.5 

Soybean oil 2.7 

d-Alpha-tocopheryl acetate 0.3 

Mineral Mix* 3.0 

CaCOg 1.3 

Vitamin Mix^ 4.0 

Choline chloride solution 0.5 

Test ingredient or Solka floe 4.0 

Total 100.0 

* Supplied the following per kilogram of diet: 5.0 g. of NaCl, 320 mg. 
MnSO^* HgO, 1.60 g. ferric citrate, 16 mg. CuSO^* 5H20, 4 mg. K3, 

5 mg. CoClg* SHgO, 5.72 g. KC1, 5.70 g. MgSO^* ^HgO, and 8 mg. 

Na MO04- 2H20. 

o 
Supplied the following per kilogram of the diet: 22,000 I.U. vitamin 
A, 2,200 I.C.U. vitamin Do, 1.25 mg. ethoxyquin, 20 mg. thiamine 
hydrochloride, 6 mg. riboflavin, 15.2 mg. d-calcium pantothenate, 
4 mg. pyridoxine hydrochloride, 20 mg. para-aminobenzoic acid, 
1,000 mg. inositol, 100 mg. niacin, 5.65 g. DL-methionine, 2.5 g. 
glycine, 3 meg. vitamin Bjo> 0.1 mg. biotin, 1 mg. folic acid, and 
1.5 mg. menadione sodium bisulfite. 



24 

Table 4. Composition of Basal Diet 3. 

Ingredient , Percent 

Glucose monohydrate 55.8 

Blood Fibrin (90% protein) 24.0 

Gelatin (ground) 4.0 

Fat (corn oil) 3.0 

d-Alpha-tocopheryl acetate 0.02 

Ethoxyquin (Santoquin) 0.0125 

Choline chloride 0.16 

Vitamin Mix* 1.0 

Mineral Mix^ 3.0 

Subtotal (Basal). 91.0 

Test ingredients or Solka floe 9.0 

Total 100.0 

Supplied the following per kg. of diet: 5,000 I.U. vitamin A, 750 
I.C.U. vitamin Dg, 0.25 mg. biotin, 4.5 mg. folic acid, 5.0 mg. 
pyridoxine HC1, 2.5 mg. menadione sodium bisulfite, 11.0 mg. 
riboflavin, 11.0 mg. thiamine HC1, 21.5 mg. d-calcium pantothen
ate, 0.03 mg. vitamin &i2> 55.0 mg. niacin, and 250.0 mg. inositol. 

^ Supplied the following per kg. of diet: 9.92 g. KC1, 7.63 g. NaCl, 
7.09 g. MgS04- 7H20, 360 mg. MnSO.- HgO, 124.5 mg. ZnO, 358.7 
mg. FeSO^* ^HgO, 19.6 mg. CuSO^* SHgO, 5.7 mg. CoClg* 6H2O, 
3.3 mg. Na MoO^* 21^0, and 2.8 mg. Kl. 
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Two replicate lots of 10 chicks each (5 males and 5 females) 

were fed on each of the dietary phosphorus levels for a 4-week experi

mental period. In Experiment 1, six dietary treatment levels and in 

Experiments 2 and 3, nine dietary treatment levels were fed. Birds 

were housed in electrically heated batteries with raised wire floors. 

Feed and distilled water were supplied ad libitum. At the end of the 

4-week experimental period, bird weights and feed consumption were 

determined. During the fourth week, feces were collected daily for 

five days, dried in an oven at 100° C and ground to 40 mesh. A repre

sentative sample of chicks in each lot was sacrificed and the left tibia 

removed for bone ash determinations (Gillis et jU., 1948). In Experi

ments 2 and 3, 10% intestinal homogenates were prepared in a Potter 

and Elvehjem glass homogenizer from a washed and weighed portion of 

the duodenum for phytase activity determinations (Part HI). The iso

lated soybean protein diet contained 0.25% total phosphorus prior to 

supplementation, of which 0.125% was phytin phosphorus. The blood 

fibrin diet contained only 0.05% total phosphorus. Supplemental phos

phorus was added as U.S.P. dicalcium phosphate (CaHPO^* 2H2O) at 

the expense of ground cellulose in the control diets. In Experiments 1 

and 2, phytin phosphorus was added as sodium phytate and in Experi

ment 3 as calcium phytate. Calcium carbonate (U.S.P.) was added to 

maintain a Ca:P ratio of 2:1 in all diets. Chromic oxide was mixed, 



as a marker, in all diets of Experiments 2 and 3 at a level of 

0.2%. 

Chromic oxide in the feed and feces was estimated by the modi

fied method of Edwards and Gillis (1959). Total phosphorus was deter

mined by the molybdate method (Koenig and Johnson, 1942) using 

sodium metavanadate as the reducing agent following perchloric acid 

digestion. The same solution was used for calcium determinations on 

a flame photometer , suitable corrections being applied for the phos

phate present in the solution. 

The percent available phosphorus in phytates as compared to 

dicalcium phosphate was calculated from dosage response curves 

employing growth rate, percent bone ash, and percent retention values 

as the criteria. Percent retention of calcium in Experiments 2 and 3 

also was obtained. 

Experiments with Hens: 

The diet employed consisted of the modified blood fibrin diet of 

Gillis and Norris (1948) (Table 4). Dicalcium phosphate for control 

diets and sodium or calcium phytate for other diets were added as 

supplemental phosphorus sources at the expense of ground cellulose. 

9|C 
pH Coleman, Coleman Instruments, Inc. 
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Calcium carbonate was added to maintain a constant CarP ratio and 

chromic oxide was used as a marker. 

Two dietary levels for each of the three phosphorus sources 

were fed to groups of 5 laying hens each. The birds were maintained 

in individual laying cages. Feed and water was supplied ad libitum for 

an experimental period of two weeks. A record of egg production and 

feed consumption was maintained. 

Feces were collected every day of the second week. At the end 

of the experimental period, 2 hens from each dietary level were sacri

ficed and a 10% intestinal homogenate was obtained for phytase activity 

determinations. Chromic oxide, total phosphorus, and calcium in both 

feed and feces were determined. Percent retention values were used 

for the estimation of phytate phosphorus availability. 

Experiments with Rats: 

Experimental design consisted of nine dietary treatment levels, 

five having increasing levels of dicalciiim phosphate and the other four 

having sodium phytate as supplemental phosphorus sources; percent 

of added phosphorus ranged from 0.15 to 0.80. Calcium carbonate and 

chromic oxide were used as in the previous experiments. The basal 

diet consisted of the modified blood fibrin diet of Gillis and Norris 

(1948) (Table 4). 



A total of 72 weanling rats of the Sprague-Dawley strain was 

divided into nine groups of eight rats each on a litter and sex basis. 

Each group was fed, in individual cages, on a dietary treatment level 

for an experimental period of six weeks. Distilled water and feed were 

supplied ad libitum. Feces were collected daily during the sixth week. 

At the end of the experimental period, body weight and feed con

sumption were determined. Four rats per group were killed by mild 

anaesthesia with ether and the left tibia removed. A 10% intestinal 

homogenate was also prepared. Feed and feces were analyzed for 

chromic oxide, total phosphorus, and calcium. 

Results and Discussion 

Experiment 1: Relative effectiveness of dicalcium phosphate and 
sodium phytate for chick growth. 

The feeding of increasing levels of dietary phosphorus supplied 

as U.S.P. dicalcium phosphate produced a linear response in growth 

rate which was proportional to the experimental phosphorus levels fed 

(Table 5). When sodium phytate was fed at a level which supplied 0.15% 

added phosphorus (0.43% total), the average body weight of the chicks 

amounted to only 115.8 gms. at 4 weeks. This value was lower than 

the growth obtained with 0.1% supplemental phosphorus as dicalcium 

phosphate. The feeding of 0.25% supplemental phosphorus supplied as 

0.15% phosphorus from sodium phytate and 0.1% from dicalcium 
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Table 5. Effect of Dicalcium Phosphate and Sodium Phytate on Growth 
Rate and Bone Ash in Chicks, at 4 Weeks, Fed Basal Diet 2. 

(Experiment 1) 

Phosphorus 
Source 

!% Phosphorus ! wt.' JL 
i » »a+ A wug » Bone 
, Added , Total > (g) » Ash 

CaHP04- 2H20 (U.S.P.) 

Sodium phytate 

Sodium phytate + 
CaHP04- 2H20 (U.S.P.) 

0.00 

0.10 

0.20 

0.30 

0.15 

0.15 
0.10 

0.25 all dead 

0.36 210.0 26.8 

0.45 390.0 35.4 

0.50 436.1 43.6 

0.43 115.8 26.0 

0.53 296.5 28.9 
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phosphate, resulted in chicks having body weights intermediate between 

the 0.1 and 0.2% supplemental phosphorus levels of dicalcium phosphate. 

These growth data suggest a rather low utilization of phytate phosphorus 

under the conditions employed. 

Further evidence of inadequate utilization of phytate phosphorus 

was obtained from the bone ash values. Over the range of 0.1-0.3% 

supplemental phosphorus from dicalcium phosphate, the percent bone 

ash of the tibia bones increased from 26.8 to 43.6%, while 0.15% phytate 

phosphorus produced bone ash values averaging only 26%. The combina

tion of dicalcium phosphate and sodium phytate produced bone calcifica

tion equivalent to less than that of 0.2% dicalcium phosphate fed alone. 

The sodium phytate treatments employed in this experiment were not 

sufficient to allow an accurate estimation of the degree of utilization of 

phytate phosphorus. 

Experiment 2: Sodium phytate utilization in chicks. 

Sodium phytate was incorporated into blood fibrin diets to supply 

levels of 0.3-0.8% phosphorus. A dosage response curve, employing 

dicalcium phosphate was also determined over the range of 0.15-0.60% 

supplemental phosphorus (Table 6). These data suggest that no more 

than 0.3% supplemental phosphorus was required for optimum growth 

and bone formation. Calculations of phytate phosphorus availability, 

employing the growth data, indicated that 57.1% of the phosphorus was 



31 

Table 6. Effect of Dicalcium Phosphate and Sodium Phytate on Growth 
Rate, Bone Ash, and Retention of Phosphorus and Calcium 
in Chicks, at 4 Weeks, Fed Basal Diet 3 (Table 4). 

(Experiment 2) 

Dietary Phosphorus 'WLGain' Feed or 

t 
, Retention 

Source 

f 

' % 

' Added 
f 

' % • 

•Total ' 
' by ' 
'Analy.' 

at ' 
4 Wks.' 
(g-) ' 

T 

Con
ver
sion 

to 
Bone 
Ash ' % 

• P 
f 

f 

' % 

' Ca 
f 

CaHP04< 0.15 0.18 191.1 2.48 17.2 84.5 73.0 
2H2° 0.20 0.23 228.9 1.98 22.2 83.6 77.6 

0.25 0.28 249.3 1.99 26.9 87.3 80.5 

0.30 0.32 259.6 1.77 30.0 61.9 69.0 

0.60 0.62 260.4 1.67 31.0 43.1 41.8 

Sodium 
phytate 0.30 0.41 225.4 1.82 22.2 42.3 49.2 Sodium 
phytate 

0.40 0.52 247.7 2.02 24.0 39.7 42.9 

0.60 0.77 285.8* 2.84 29.7 28.0 28.6 

0.80 0.98 _ _ - _ _ -

Only 4 out of 20 chicks survived the 4-week experimental period. 



utilized. Somewhat lower values were obtained when the bone ash data 

were employed. A value of 48.7% available for the sodium phytate 

phosphorus was obtained when the degree of utilization of dicalcium 

phosphate was set arbitrarily at 100%. However, determination of 

phosphorus retention values for the dicalcium phosphate standard indi

cated only 83.6-87.3% utilization of this material. The feeding of 0.8% 

phosphorus from sodium phytate resulted in 100% mortality of the birds 

fed this diet. The feeding of 0.3% phosphorus in the form of sodium 

phytate resulted in a retention value of 42.3%. This was reduced to 

39.7 and 28.0%, respectively, when 0.4 and 0.6% supplemental phos

phorus was supplied from this source. In relation to a 100% utilization 

figure for dicalcium phosphate, the sodium phytate phosphorus was cal

culated to have an average availability of 47.2% for the chick. Calcium 

levels were adjusted in each of the experimental diets in order to main

tain a calcium-phosphorus ratio of 2:1. The data obtained with respect 

to calcium retention indicate a degree of utilization corresponding to 

69.0-80.5% for the respective diets containing dicalcium phosphate. 

The National Research Council Sub-Committee on Nutrient Allowances 

for Poultry (1960) has indicated that the calcium requirement for start

ing chicks is 1.0%. These data suggest that the feeding levels below 

this dietary requirement figure result in a higher degree of utilization 

than has been reported in other studies. The work of Huruwitz and 



Grimminger (1961) and that of Watts et al. (1960) has indicated that 

only 50% of the dietary calcium was digested by the laying hen or by 

growing chicks. The feeding of 1.2% calcium in conjunction with 0.6% 

supplemental phosphorus level resulted in only 41.8% of the phosphorus 

being retained by the chick. Sodium phytate apparently caused a reduc

tion in calcium retention under the conditions of this experiment (Table 

6). In the two instances where direct comparisons are possible, at the 

0.3 and 0.6% supplemental phosphorus levels, the calcium retention 

figures indicate 20.0 and 13.2 percentage points reduction in calcium 

retention, respectively (Table 6). 

Experiment 3: Calcium phytate utilization in chicks. 

The third experiment was conducted in a manner similar to that 

employed in Experiment 2, but using calcium phytate instead of sodium 

phytate. Dicalcium phosphate was fed as a reference standard in order 

to evaluate the utilization of phosphorus from calcium phytate. The 

percent retention values obtained for the dicalcium phosphate standard 

were again in the 82.3-87.0% range. 

The growth data for this experiment (Table 7) indicated that the 

phosphorus utilization of the calcium phytate source was 43.3% com

pared with dicalcium phosphate at 100%. The use of bone ash deter

minations as a criterion for the evaluation of calcium phytate phosphorus 

availability resulted in a figure of 39.1%, which is quite comparable to 
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Table 7. Effect of Dicalcium Phosphate and Calcium Phytate on Growth 
Rate, Bone Ash, and Retention of Phosphorus and Calcium in 
Chicks, at 4 Weeks, Fed Basal Diet 3 (Table 4). 

(Experiment 3) 

Dietary Phosphorus Avg. ' 
Wt. Gairi Feed % 

Retention 

Source 

f 
' % 
' Added 
f 

' % 
' Total 
' by 
' Analy. 

at ' 
4 Wks.' 

(g.) ' 
t 

Con
ver
sion 

/o 
Bone 
Ash % 

P 

f 

' % 
' Ca 
f 

CaHPO.-4 0.15 0.20 214.5 2.81 24.4 82.3 50.3 
2H2° 0.20 0.25 312.2 1.75 28.7 85.4 62.7 

0.25 0.29 340.6 1.79 34.2 85.5 66.4 

0.30 0.33 364.8 1.12 35.2 87.8 78.3 

0.60 0.74 304.1 1.84 37.0 39.5 20.3 

Ca phytate 0.30 0.40 209.4 2.37 23.6 41.2 40.3 

0.40 0.51 226.2 1.83 28.9 32.6 34.8 

0.60 0.73 323.2 1.67 30.2 34.6 37.8 

0.80 0.93 353.1 1.64 33.2 21.6 34.0 



the 37.8% average figure obtained for the phosphorus retention. Phos

phorus utilization figures for the calcium phytate were in the order of 

76-80% of the sodium phytate source. 

The calcium retention values obtained in this experiment were 

somewhat lower than those of the previous study. However, these data 

again suggest a decrease in calcium retention when a phytate salt was 

incorporated into the diet of the chick (Table 7). 

Experiment 4: Sodium phytate and calcium phytate utilization in the 
mature hen. 

In order to arrive at an estimation of the degree of utilization 

of phytate phosphorus in the mature hen, a calcium and phosphorus 

balance experiment was initiated, using the chromium oxide marker 

technique. The blood fibrin basal diet, adjusted to more nearly corre

spond with the nutrient requirements of the laying hen, was employed 

in this study. Dietary phosphorus levels of 0.25 and 0.40% were fed 

from each of the three sources. The feeding of 0.25% supplemental 

phosphorus resulted in 41.6, 26.3, and 24.0% of the phosphorus being 

retained for the dicalcium phosphate, sodium phytate, and calcium 

phytate sources, respectively. These values correspond to percent 

utilization figures of 59.2% for sodium phytate and 43.7% for calcium 

phytate by the laying hen compared with dicalcium phosphate as 100%. 
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The results (Table 8) of this experiment would indicate that the 

mature hen has a greater ability to utilize phytate phosphorus than does 

the chick. These data indicate a 25% improvement in sodium phytate 

utilization in the hen as compared with the chick and a 12% greater 

utilization of calcium phytate in the hen. 

The results obtained for calcium retention indicate that the 

utilization of calcium in the mature hen was not greatly affected by the 

incorporation of either sodium phytate or calcium phytate into the diet. 

A possible exception may be indicated at the 0.4% supplemental phos

phorus level with calcium phytate. 

Experiment 5: Sodium phytate in rat diets. 

An evaluation of sodium phytate utilization in the rat was under

taken in a subsequent experiment (Table 9). Above the 0.2% supplemental 

phosphorus level employing dicalcium phosphate, no further increase 

in growth rate was obtained. In the case of the sodium phytate treat

ments, the feeding of either 0.60 or 0.80% supplemental phosphorus 

appeared to be detrimental with regard to growth rate during the 6-week 

experimental period. A linear response in bone ash was obtained over 

the range of 0.15-0.25% phosphorus. These data appeared to be ade

quate for use in calculating a relative availability figure for the sodium 

phytate phosphorus. The resulting comparative availability, using the 

bone ash data, indicated that sodium phytate phosphorus was utilized by 
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Table 8. Effect of Dicalcium Phosphate, Sodium Phytate, and Cal
cium Phytate on Retention of Phosphorus and Calcium in 
Hens Fed Basal Diet 3(Table 4). 

(Experiment 4) 

Dietary Phosphorus Retention 
t 
f 

Source , 
t 

% 
Added 

' % 
' Total 
' by ' 
' Analysis ' 

% 
P 

1 
% 
Ca 

t 

CaHP04- 2H20 0.25 0.27 41.6 54.0 

0.40 0.39 54.2 66.8 

Na phytate 0.25 0.34 26.3 68.1 

0.40 0.51 30.2 63.9 

Ca phytate 0.25 0.31 24.0 65.8 

0.40 0.47 17.7 42.7 
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Table 9. Effect of Dicalcium Phosphate and Sodium Phytate on Growth 
Rate, Bone Ash, and Retention of Phosphorus and Calcium in 
Rats, at 6 Weeks, Fed Basal Diet 3 (Table 4). 

(Experiment 5) 

f 
Dietary Phosphorus , Avg. ' 

Wt. Gain' 
f 

G7 

Retention 

Source ! 

' 'Analy.' 

nt ' 
4 Wks ' 
(g-) 

T 

10 T 
Bone , 
Ash , 

f 

t 

% ' % 

P ' Ca 
f 

CaHP04- 2HzO 0.15 0.19 95.8 55.2 53.8 63.5 

0.20 0.22 135.1 57.3 58.4 60.3 

0.25 0.28 128.4 59.3 48.0 46.1 

0.30 0.33 125.5 58.9 39.2 39.7 

0.60 0.59 133.1 58.0 20.3 22.6 

Na phytate 0.30 0.39 145.9 58.1 27.7 42.3 

0.40 0.48 135.9 56.0 17.7 25.8 

- 0.60 0.75 118.3 59.5 37.2 46.2 

0.80 0.89 106.0 60.4 29.6 37.4 
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the rat to the extent of 65.5% of that obtained for the dicalcium phos

phate standard. 

The data obtained in this experiment suggest that the rat is 

better able to utilize phytate phosphorus than the chick and appeared 

to be about equal in this respect to the laying hen (Table 10). 

The calcium retention data for the rat appear to indicate a slight 

improvement in calcium utilization when sodium phytate was incorpor

ated in the diet. 

Summary 

Availability of phosphorus in sodium and calcium phytates as 

compared to dicalcium phosphate for chicks, rats, and hens was evalu

ated employing growth rate, bone ash, and retention of phosphorus. 

Reduction in growth rate, bone ash, and retention values was 

observed when phytates were added to the diets as phosphorus sources 

(Table 10). The results indicated that mature hens utilized phytate 

phosphorus better than chicks. Retention values showed that young 

growing rats utilized phytate phosphorus better than chicks and equally 

as well as the laying hen. Phosphorus of sodium phytate was better 

utilized than phosphorus of calcium phytate. 

Feeding of sodium phytate as a phosphorus supplemental source 

reduced calcium retention in chicks and rats and indicated that soluble 

phytates interfere with calcium metabolism. 
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Table 10. Availability of Phytate Phosphorus in Chicks, Hens, and 
Rats.l 

Criteria Phosphorus Availability 

Chicks Hens Rats 

Bone ash 

Growth rate 

% phosphorus retention 

Bone ash 

Growth rate 

% phosphorus retention 

48.7 

57.1 

47.2 

39.1 

43.3 

37.8 

Sodium phytate -

59.2 

Calcium phytate 

43.7 

55.5 

59.0 

Phosphorus availability figures using growth and bone ash data 
were calculated from the linear portion of the response curves in 
the range of 0.15 to 0.3% added phosphorus from U.S.P. dicalcium 
phosphate dihydrate. The percent phosphorus retention figures 
represent an average of the values obtained for the phytate salts 
related to U.S.P. dicalcium phosphate dihydrate which was assigned an 
availability or retention value of 100. 



' PART m 

NATURE OF INTESTINAL PHYTASE ACTIVITY 

Introduction 

Although the presence of a phytate-splitting enzyme in the liver 

and blood of calves was reported as early as 1908 (McCollum and Hart), 

its presence was not definitely established in the tissues of animals 

until 1937 (Patwardhan), and not until recently has the importance of 

this enzyme in nutritional research been fully appreciated. It was 

thought that the phytase activity in the intestinal tract was due princi

pally to the enzyme derived from plant materials in the diet. 

Spitzer and Phillips (1945) studied phytase activity in an effort 

to determine the relationship of soybean meal phosphorus utilization to 

the action of a ration-borne enzyme and the presence of a phytate -

splitting enzyme in the intestinal mucosa. These workers concluded 

that soybean meal phosphorus was utilized by the rat in the absence of 

a ration-borne heat labile phytase, since heating of the rations to 90° C 

for 48 hours did not depress phosphorus utilization. Phytase activity 

was detected in the small intestinal mucosa of the chicken, pig, and 
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cow. These investigations have definitely established the wide occur

rence of phytase activity in animals. 

Recently, Pileggi et al. (1955) observed that supplements of 

vitamin D tended to increase intestinal phytase activity in rats and 

chicks fed either a cereal rachitogenic or nonrachitogenic diet. How

ever, the increase was larger with the rachitogenic diet than with the 

noncereal diet. These observations were confirmed by Roberts and 

Yudkins (1961), although no observable relationship between phytase 

activity and bone ash or other criteria of phosphorus utilization could 

be found. Since no consistent correlation, in a quantitative sense, 

could be found between the degree of hydrolysis of dietary phytates and 

the severity of rickets, Pileggi et al. (1955) concluded that the anti

rachitic action of vitamin D in cereal diets was due primarily to an 

improved utilization of inorganic phosphorus, but not necessarily 

through an effect on phytase activity. 

There is a large group of phosphomonoesterases in animal 

tissues which function in maintaining the concentration of intracellular 

inorganic phosphate for bone formation. These phosphatases are gen

erally nonspecific except for the phosphate group. Phytase is very 

similar to alkaline phosphatase in that both have pH optima in the alka

line range. Pileggi et al. (1955) have observed identical responses in 



phytase and alkaline phosphatase activities in fecal and intestinal 

extracts of rats fed vitamin D. 

Adams and Whittaker (1950) devised a method based on an exten

sion of Michaelis kinetics, called the "Mixed Substrate Method" which 

has often been used to determine whether two reactions are due to the 

same enzyme or to different enzymes. The work reported here was 

undertaken to determine the degree of phytase activity in the intestinal 

mucosa of rats, chicks, and hens, to study the effect of fluoride on 

phytase activity and to determine if phytase and alkaline phosphatase 

activities may be due to the same enzyme. 

Materials and Methods 

Intestinal homogenates (10%) obtained from the chicks, hens, 

and rats used in the experiment of Part n were used in these studies. 

The homogenized tissue was quick-frozen in a dry ice-acetone mixture 

and stored until used. 

All enzyme assays were carried out by incubating 0.5 ml of the 

homogenate in a total volume of 5 ml of reaction mixture at pH 7.8 

(Patwardhan, 1937; Spitzer and Phillips, 1945) and 37.5° C i 0.5° C for 

a period of two hours. A period of two hours was found to be adequate 

to obtain an easily measurable activity. Suitable controls for each 

assay, without homogenate or without substrate, were prepared. At 
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the end of two hours, the reaction was stopped by the addition of 5 ml 

of 10% trichloroacetic acid. The reaction mixture was filtered and 

aliquots taken for inorganic phosphate determinations by the Fiske and 

Subbarow (1925) method. Enzyme activities were expressed in terms 

of liberated inorganic phosphorus. In these studies, one phytase unit 

was defined as 10 micromoles of inorganic phosphorus liberated per 

gram of wet tissue per two hours. 

Substrates used were sodium phytate* for phytase assays and 

2 beta-glycerophosphate for alkaline phosphatase assay. Sodium phytate 

contained 2.6% inorganic phosphorus and beta-glycerophosphate con

tained 0.158%. Substrate solutions, both for phytase and alkaline phos

phatase assays, were 0.04 M with respect to organic phosphorus. In 

order to exactly duplicate the conditions of phytase assay, inorganic 

phosphate was added to the beta-glycerophosphate substrate solution, 

in an amount equal to that introduced by the inorganic phosphorus pres

ent in the sodium phytate substrate solution. 

For phytase assay, 0.5 ml homogenate, 2.0 ml Veronal-acetate 

buffer of pH 7.8 (Michealis, 1931), 1.0 ml of 0.01 M Mg++ (Spitzer and 

Phillips, 1945),and 1.0 ml of sodium phytate substrate (0.04 M phytate 

phosphorus) made up to 5.0 mis were used. In the glycerophosphatase 

* Nutritional Biochemicals Corporation, Cleveland, Ohio. 

2 California Corporation for Biochemical Research, Los 
Angeles 63, California. 



assay, sodium phytate was replaced by beta-glycerophosphate (0.04 M 

bound phosphorus). In the inhibition studies, suitable volumes of 0.5 

M sodium fluoride solution was added to the reaction solution such that 

the final concentration of fluoride was 0.01 or 0.05 or 0.1 M. Mixed 

substrate studies employed an equimolar mixture of sodium phytate and 

beta-glycerophosphate (both 0.04 M organic phosphorus). Reaction was 

carried out in the same way in a total volume of 5.5 ml. Intestinal homo-

genates of chicks and hens were used for inhibition studies. 

To determine whether phytase and alkaline phosphatase activi

ties were due to the same enzyme, two criteria have been used (Dixon 

and Webb, 1958): (1) Mixed Substrate effect: The substrates for the 

two reactions were added, in equimolar concentrations, to the reaction 

mixture and the total rate of reaction determined. This rate was com

pared with the rates determined separately. Presence of an additive 

effect in reaction rates would reveal whether two enzymes were acting. 

(2) Inhibition Method: If the two substrates can be inhibited by the 

same substance, separate rates at different concentrations of the inhib

itor with equimolar concentrations of the two substrates can be deter

mined and the ratio of the activities without the inhibitor and at different 

concentrations of the inhibitor can be compared. 
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Results and Discussion 

Although rats exhibited a higher capacity to utilize phytate phos

phorus than chicks, the rat (Table 13) was found to possess a lower 

phytase activity than either chicks (Table 11) or hens (Table 12). Simi

larly, hens exhibited lower intestinal phytase activities than chicks. 

Apparently, these results suggest little or no correlation between the 

degree of hydrolysis of phytates by intestinal homogenates and bone 

ash, retention or digestibility of phosphorus in vivo. Therefore, phy

tase activity was not a reliable index of the amount of phosphorus uti

lized. 

Intestinal alkaline phosphatase activity was determined for 

chicks (Table 14) and hens (Table 15). This activity was very much 

higher than phytase activity in both chicks and hens and again was greater 

in chicks than in hens. 

Fluoride ions are known to inhibit the activity of a number of 

enzymes, but the exact mechanism of this inhibition is not known. Fluo

ride inhibition was studied at two different concentrations with chick 

homogenates and at three levels with hen homogenates. There was 30.5% 

and 53.0% inhibition at 0.01 M and 0.05fluoride with chick prepara

tions and 10%, 30%, and 70% inhibition at 0.01 M, 0.05 M, and 0.1 M 

concentrations of fluoride with the hen intestinal homogenates (Table 15). 
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Table 11. Effect of Dicalcium Phosphate and Calcium Phytate on the 
Intestinal Phytase Activity of Chicks. 

Source % Added 
Phosphorus Phytase* Units 

CaHP04- 2H20 

Calcium phytate 

0.20 

0.25 

0.29 

0.33 

0.74 

0.40 

0.51 

0.73 

0.93 

25.5 + 10.4 

29.8 ± 2.6 

25.9+ 3.6 

32.5 ± 3.5 

19.9 ± 4.7 

32.7 ± 6.6 

34.1 ± 3.9 

31.7 ± 5.8 

29.5+ 6.0 

Phytase unit is defined as 10 micromoles of inorganic phosphorus 
liberated per gram of wet tissue per 2 hours. 
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Table 12. Effect of Dicalcium Phosphate, Sodium Phytate, and 
Calcium Phytate on the Intestinal Phytase Activity of Hens. 

Source 
T 

% Added 
' Phosphorus 

f 

' Phytase* Units 
t 

CaHP04- 2H20 0.27 13.7+ 2.1 

0.39 13.0+ 2.6 

Sodium phytate 0.34 14.2 ± 6.2 

0.54 11.4+ 2.0 

Calcium phytate 0.31 14.7+ 7.1 

0.47 12.5+ °-3 

* 
Phytase unit is defined as 10 micromoles of inorganic phosphorus 
liberated per gram of wet tissue per 2 hours. 



Table 13. Effect of Dicalcium Phosphate and Sodium Phytate on the 
Intestinal Phytase Activity of Rats. 

Source ' Added , phytase* Units 
, Phosphorus , 

CaHP04- 2H20 

Sodium phytate 

0.19 27.4 ± 11.3 

0.22 18.1+ 7.7 

0.28 21.7+ 7.2 

0.33 16.8 ± 12.7 

0.59 25.6+ 5.4 

0.39 36.9+ 8.8 

0.48 12.3+ 8.7 

0.75 9.0 ± 9.5 

0.89 16.7+ 8.5 

Phytase unit is defined as 10 micromoles of inorganic phosphorus 
liberated per gram of wet tissue per 2 hours. 



Table 14. Additivity Effect of Intestinal Phytase and Alkaline Phos
phatase Activities in Chicks. 

Concentration ' Concentration of , * 
£SSI , beta-glycero- f Phytase Units 
of Phytaie phosphate t 

0.04 M — 29.9 ± 6.7 

0.04 M 70.7 ± 5.9 

0.04 M 0.04 M 69.0 + 10.6 

* 
Phytase unit is defined as 10 micromoles of inorganic phosphorus 
liberated per gram of wet tissue per 2 hours. 



Table 15. Inhibition of Intestinal Phytase and Alkaline Phosphatase 
Activities by Fluoride. 

Concentration 
of 

the Inhibitor 

Phytase Activ
ity in Phytase 

Units 

Alkaline-
phosphatase 
activity in 

Ratio of the 
Activities 

Chicks 

0.00 M 29.9 + 6.7 — — 

0.01 M 19.5 ± 4.4 — — 

0.05 M 13.2 ± 4.3 — — 

Hens 

0.00 M 13.3 + 3.53 51.9 + 8.7 3.9 

0.01 M 11.9 ± 3.04 49.2+12.4 4.1 

0.05 M 

+ 1 
CO • 

CO 

3.05 29.7 + 10.9 3.5 

0.10 M 

+
1 o

 • 3.6 _ — —  - — -

* 
Phytase unit is defined as 10 micromoles of inorganic phosphorus 
liberated per gram of wet tissue per 2 hours. 
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Extent of inhibition increased as the concentration of the inhibitor was 

increased. 

Fluoride ions also inhibited intestinal alkaline phosphatase activ

ity but the extent of inhibition was smaller. There was 5.3% and 43.0% 

inhibition at 0.01 M and 0.05 M fluoride concentrations, respectively. 

The ratios of phytase to alkaline phosphatase activities in the absence 

of fluoride were essentially the same as when the inhibitor was present 

even though the extent of inhibition was greater when the phytate sub

strate was used. 

Alkaline phosphatase activity was significantly higher than phy

tase activity in both chicks and hens. When the two substrates, sodium 

phytate and beta-glycerophosphate, were mixed in equimolar quantities, 

the combined activity was slightly less than when beta-glycerophosphate 

was used alone and greater than when sodium phytate was used alone. 

But the combined activity was very much lower than the sum of the two 

activities, determined separately (Table 14). 

If the hydrolysis of the phosphate groups of sodium phytate and 

glycerophosphate had been due to two different enzymes, the activity 

obtained with the mixed substrate should have been equal to the sum of 

the activities determined separately, namely, 100 units (Table 14). The 

absence of additivity is strongly indicative that the same enzyme, an 

intestinal phosphatase, was acting on the phosphate groups of the two 
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substrates. This phosphatase enzyme was apparently specific only for 

the phosphate group and was relatively nonspecific to the remainder of 

the molecule. 

The higher alkaline phosphatase activity suggests that the 

enzyme has a greater affinity for glycerophosphate than for sodium 

phytate. Although phytate has six hydrolyzable phosphate groups, not 

all the groups are in a favorable steric configuration for enzyme attack 

or for the formation of the enzyme-substrate complex due to the pres

ence of steric interference in the cyclohexane ring. This steric inter

ference could also account for the high degree of fluoride inhibition on 

phytase activity. 

Adams and Whittaker (1950) have given a theoretical treatment 

to the "mixed substrate" effect which has often been used, in a semi-

qualitative sense, to estimate the ratio of the affinities of an enzyme 

to two substrates. The reactions under consideration can be represented 

as follows: 

E + G st EG - E + Products alkaline phosphatase reaction 

E + p * EP - E + Products phytase reaction 

Ka and Ka' are the affinity constants for enzyme-substrate complexes 

EG and EP, respectively. V, V', and Vm are the limiting rates of the 

two reactions determined separately and together using equimolar 
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concentrations of the substrates. The ratio of the affinities of the 

enzyme to the two substrates is given by the equation: 

K V - V* a m v 69-30 99 9R 
K ' = V - V = 1.75 = 

a m 

Therefore, the enzyme exhibits approximately 22 times greater affinity 

for beta-glycerophosphate than for phytate. 

The single enzyme hypothesis was corraborated by the inhibition 

studies. Fluoride ions inhibited both phytase and alkaline phosphatase 

reactions, although the extent of inhibition was different. The ratio of 

the two activities, without the inhibitor and with the inhibitor present at 

different concentration levels, remained essentially constant (Table 15). 

If the two reactions were catalyzed by two different enzymes, the 

constancy of the ratio could have been obtained only if exactly the same 

fraction of the two enzymes were inactivated under all conditions. It is 

highly unlikely that the inhibitor would inactivate the phytase and alka

line phosphatase enzymes to the same extent; if only one enzyme was 

involved, the same fraction could have been inactivated in presence of 

the inhibitor. Affinity of the enzyme for the two substrates then 

becomes the rate-controlling factor and the ratio of the activities would 

remain essentially constant. 

Absence of a phytate-specific enzyme or one enzyme hypothesis 

may explain many observations satisfactorily. A phosphatase essentially 
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functions in the maintenance of intracellular phosphate concentration 

for bone formation. Therefore, one could observe a higher phytase 

activity in growing chicks than in hens, even though hens had a higher 

capacity to utilize phytate phosphorus. This also accounts for the 

absence of substrate effect on intestinal phytase activity when phytates 

were fed in the diets of rats and chicks (Spitzer and Phillips, 1945; 

Roberts and Yudkins, 1961). Therefore, no correlation between the 

degree of phytate hydrolysis in the intestinal mucosa and other criteria 

could exist. 

Summary 

Intestinal phytase and alkaline phosphatase activities in chicks, 

hens, and rats were determined. The effect of fluoride at different 

concentrations on phytase and alkaline phosphatase activities was 

studied, and the rate of reaction when the substrates for the two reac

tions were combined in equimolar concentrations was determined. 

Inhibition by fluoride and the "mixed substrate effect" were used to 

determine whether phytate and beta-glycerophosphate hydrolyses were 

catalyzed by two different enzymes or one enzyme. 

Rats and hens exhibited lower phytase and alkaline phosphatase 

activities than chicks, although rats and hens possessed a higher ability 

to utilize phytate phosphorus. Fluoride ions inhibited the two reactions, 
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although the extent of inhibition was different. There was no summation 

of phytase and alkaline phosphatase activities when the substrates for 

the two reactions were combined. The ratio of the two enzyme activities 

determined both with and without fluoride remained essentially constant. 

Absence of an additivity effect and the constancy of the ratio of the 

activities indicated that the same enzyme was catalyzing the two reac

tions! This phosphatase which catalyzed the hydrolysis of phytate and 

beta-glycerophosphate appeared to be specific only for the phosphate 

group. Phytate hydrolysis was slower perhaps due to the presence of 

steric hindrance in the cyclohexane ring structure of phytate. 

This one enzyme hypothesis accounts satisfactorily for the 

absence of any relationship between the degree of phytate hydrolysis 

in vitro and the feeding of phytates in the diet or other criteria. 
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