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Phytate Phosphorus Hydrolysis As Influenced by Dietary
Calcium and Micro-Mineral Source in Broiler Diets
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Phytate phosphorus (PP) hydrolysis by a 3-phytase was studied in vitro at pH 2.5 and 6.5 with either
0, 1.0, 4.0, or 9.0 g of Ca/kg diet, or 0, 1.0, 5.0, 7.5, or 10.0 g/kg diet of micro-mineral premix added
as inorganic (IMM) or an equivalent level as micro-mineral—amino acid complexes (MAAC). Adding
Ca or micro-minerals reduced (P < 0.05) PP hydrolysis at both pHs; however, the effect was greater
at pH 6.5. An in vivo experiment was conducted in which broilers were fed one of six diets for 30 h.
The experimental design was a factorial of three micro-mineral forms (0 added, IMM, and MAAC)
and two Ca levels (0 or 5 g/kg). Adding Ca reduced (P < 0.05) PP disappearance and increased Ca
apparent absorption. No micro-minerals effect (P > 0.05) was seen. Therefore, in poultry diets, it is
Ca that inhibits PP hydrolysis and decreases P availability.
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INTRODUCTION (8). Precipitated phytatemineral complexes are not accessible
for hydrolysis or absorption in the intestine. The order of
stability of metal—phytate complexes was found to be €u

Zn > Co > Mn > Fe > Ca (2). Other researchers (6) reported
the order of mineral potency as inhibitors of PP hydrolysis at
neutral pH to be Z#f > Fe&t > Mn?" > F&8™ > C&" > Mg?+.

Even though Ca has one of the lowest affinities for phytate, it
as the greatest impact, because it is the mineral present at the

Phytic acid (PA) (myo inositol hexaphosphoric acid) occurs
naturally in plants, primarily in seeds, and serves as a storage
form of phosphorus (P){. Poultry diets are composed mainly
of plant based ingredients that have-8D% of their P as
phytate P (PP)1; 2), which is poorly available3, 4). This
poor availability of the P present naturally in plant-based diets

means that inorganic sources of P have to be added to the dieﬂ (P )
to meet the animal's P requirement. The addition of inorganic Nighest concentration in the diet. Tayl®)(Suggested that the

P to diets that already may contain enough P, albeit in an primary factor determining PP utilization is the Ca ion concen-
unavailable form, results in diets that contain total P levels well ration in the small intestine, where insoluble Ca-phytate
in excess of requirement. This results in excess P, regardless of°MPIexes form. Increasing Ca level in the broiler diet from

dietary source, being excreted. The presence of high levels of:-2 10 5.2 g/kg decreased (< 0.05) PP hydrolysis 10).
P in poultry excreta is currently a concern, especially when Furthermore, high levels of Ca or Mg were found to lower the

excreta is applied to soil as a fertilizer, because high excreta pactivities of intestinal alkaline phosphatase and phytase in broiler

can lead to soil P accumulation and increased P leaching orCMicks, but Ca had a much more pronounced effét).(

runoff into waterways. Poultry excreta management, primarily ~ Phytate P availability has been found to improve by the
due to its proportionately high P content, has become a costaddition of some amino acids) The addition of certain amino
for poultry production and one of the factors for regulation of acids, including cysteine and histidine, was found to alleviate
animal feeding operations. some of _the Zn_deﬁmency syndronr_1e sigri); In general,

In its acidic form, PA has the capacity to bind or chelate @mino acids, which possess one amino and one carboxyl group
multivalent cations including calcium (Ca), zinc (Zn), iron (Fe), and can _form neutral chelate_s, have the poten_t|_al to t_)e and_fulflll
magnesium (Mg), manganese (Mn), cobalt (Co), and Copperthe requirements of a chelating agehs). S_pecmc gmmo_amd _
(Cu) (1,5, 6). Several researchers have observed that solubility metal chelates have the metal embedded in a cyclic configuration

of PA metal complexes is pH dependent &), Most phytate— bearing no electrochemical charges to bind any other compound,
mineral complexes are soluble at low pHs (less than 3.5) with thus eliminating metal to phytate complexing potentidl)( The
maximum insolubility occurring between pH 4 and 7).(  improvement in mineral absorption seen by NielséR)(may

Calcium and Mg phytate complexes precipitate at pHs between P€ due to the amino acids having higher affinity for the minerals,
4 and 6, and 5 and 7, respective8).(The approximate pH of  therefore minimizing phytate mineral interactions. Fouz8) (
the intestine, where absorption of metal ions takes place, reported that mineral amino acid chelates, if properly prepared,
coincides with the pHs at which these complexes precipitate Would be absorbed intact through the intestinal mucosa. This
absorption of intact mineral amino acid complexes would be

* To whom correspondence should be addressed. Telephone: (301) 405/MPortant to minimize any potential interaction between mineral
8494. Fax: (301) 314-9059. E-mail: ra95@umail.umd.edu. ions and phytate if minerals are released while still in the digesta.
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The present study was designed to test the hypothesis thatraple 1. Ingredient Composition and Nutrient Levels in the Basal Diet

decreasing Ca in the diet as well as the use of micro-mineral
amino acid complexes will increase PP hydrolysis both in vitro
and in vivo. Experiments were conducted to determine the effect
of Ca level and micro-mineral source (inorganic or amino acid-
mineral complexes) on PP hydrolysis in vitro at 2 different pHs
and in vivo.

MATERIALS AND METHODS

Materials. Sodium acetate, glycine, calcium carbonate, sodium
phytate (dodecasodium salt from rice), phytase enzyme (3-phytase from
Aspergillus ficuum), and inorganic P were purchased from Sigma, St.
Louis, MO. Inorganic micro-mineral premix (IMM) was purchased from
Southern States Cooperative Inc., Richmond, VA, and was labeled to
contain, per kg, 98 g of Ca from CaG®10 g of Zn from ZnO, 120
g of Mn, of which 50% came from MnO and 50% from Mn$@0 g
of Fe from FeS@ 20 g of Cu from CuQ3 g of | from Ca(lG;),, and
0.05 g of Co from CoC®@ The IMM was analyzed by inductive coupled
plasma (14) and was found to contain on an as-is basis: 116.4 g of
Ca, 192.0 g of Zn, 107.5 g of Mn, 34.9 g of Fe and 17.3 g of Cu per
kg of premix. Dry matter content was also determined to be 995 g/kg.

Each of the following micromineral products was obtained as
individual mineral products: Availa-Zn 100, zir@mino acid complex;
Availa-Mn 80, manganese—amino acid complex; Availa-Fe 60, iron—
amino acid complex; and Availa-Cu 100, coppamino acid complex;
from Zinpro Corporation, Eden Prairie, MN; G&s and CoC} from
Sigma, St. Louis, MO. To make the micro-minefraimino acid complex
premix (MAAC), the amino acid complexes as well as £gland
CoCkL were mixed such that the proportions of Zn, Mn, Fe, Cu, I,
and Co were the same as those in the IMM. The MAAC was ana-
lyzed by inductive coupled plasma and found to contain, per kg,
60.6 g of Ca, 47.2 g of Zn, 24.9 g of Mn, 10.7 g of Fe and 5.3 g of
Cu per kg of premix. Dry matter content was also determined to be
981 g/kg.

By calculation, 4.5 g of MAAC would provide the same amount of
micro-minerals (Fe, Mg, Cu, Zn, |, and Co$ 4 g of IMM.

In Vitro Phytate Phosphorus Hydrolysis. For the in vitro work,
the general procedures of Chen (15) were followed with some
modifications, including incubation times (15, 30, 60, and 120 min,
instead of 60 min only), sodium phytate concentration (4.62 g/L instead
of 8.4 g/L), as well as the use of inorganic P as a standard, instead of
P liberated by a phytase enzyme with known activity. All incubations
were done in quadruplicate, and each one of these quadruplicate
incubations served as the experimental unit.

Phytate P hydrolysis by a 3-phytase enzyme (fréspergillus
ficuum) with a pH optimum of 51(6) was determined over a 120 min
period at pH 2.5, simulating gastric pH, and at pH 6.5, simulating small
intestinal pH. Assuming typical PP content in a cosoybean meal
broiler starter diet of 2.7 g PP/kg and an expected feed to water
consumption ratio of 2:1, a 4.62 g/L sodium phytate solution (929 mg
PP/L) was prepared in a 200 mM glycine buffer (pH 2.5) or 200 mM
sodium acetate buffer (pH 6.5), and this solution was used as the
substrate. Buffers were chosen because of their pH specificities, with
the glycine buffer being effective between pH 2.0 and 3.0 and the

ingredient basal g/kg
corn 541.8
soybean meal, 48% 398.7
crude soy oil 51.1
vitamin mix@ 0.8
choline chloride, 60% 0.8
salt 4.6
DL methionine 22
formulated (analyzed) nutrient level
crude protein (g/kg) 23.6
crude fat (g/kg) 7.02
energy (kcal ME/kg) 3230
calcium (g/kg) 1.8(1.8)
total phosphorus (g/kg) 4.1(4.0)
non pp° (g/kg) 1.3(L.0)

2 Supplied the following per kilogram of feed: vitamin A, 14991 U as retinyl
acetate; vitamin D, 5291 ICU as cholecalciferol; vitamin E, 52.9 IU as pL-o-
tocopheryl acetate; vitamin Bz, 0.026 mg as cyanocobalamin; riboflavin, 17.64
mg as riboflavin; niacin, 70.55 mg as nicotinic acid; p-pantothenic acid, 24.6 mg
as p-pantothenic acid; vitamin K, 3.2 mg as menadion sodium bisulfite complex;
folic acid, 2.12 mg as folic acid; vitamin B6, 6.17 mg as pyridoxine hydrochloride;
thiamine, 4.4 mg as thiamine mononitrate; and vitamin H, 0.149 mg as p-biotin.
®Non phytate phosphorus (PP), determined by subtracting analyzed phytate
phosphorus from analyzed total phosphorus.

and readjusted to the two test pHs of 2.5 or 6.5, prior to the start of the
incubations. To a test tube with 3.0 mL of the substrate solution and
added Ca, a 10pL volume of phytase enzyme was added. The
resulting mixtures were incubated at 3 for 0, 15, 30, 60, or 120
min. A 2-mL volume of ammonium molybdate-metavanadate reagent
prepared according to Chen (15) was added to stop the reaction, and
liberated P was measured spectrophotometrically at 41Ql@mysing
inorganic P as a standard.

Effect of Inorganic Micro-Mineral Premix. Five levels of IMM
were used (0, 0.34, 1.7, 2.5, and 3.4 g/L). The levels used were chosen
to reflect dietary additions of IMM at 0, 1.0, 5.0, 7.5, or 10.0 g/kg
diet. These levels were selected based on the recommended inclusion
level of this IMM in poultry diets of 1.0 g/kg and three levels higher
(5.0, 7.5, and 10.0 g/kg), to exacerbate the potentially negative effect
of micro-minerals. The solutions were incubated with the phytase
enzyme and PP hydrolysis determined as described previously.

Effect of Micro-Mineral —Amino Acid Complexes. The MAAC
was added to the substrate at levels that supplied the same concentra-
tions of Zn, Mn, Fe, Cu, |, and Co as those supplied by 0, 1.0, 5.0, 7.5,
or 10.0 g/kg IMM in the diet (0, 4.5, 22.5, 33.75, and 45 g/kg MAAC).
Phytate P hydrolysis in the presence of MAAC was determined as
described previously for IMM. For the micro-mineral studies (IMM
and MAAC), micro-mineral levels studied are identified as 0, 1, 5,
7.5, and 10X; where 1X is equal to 1 g/kg in the case of IMM and
4.5 g/kg in the case of MAAC. The 1X level of either IMM or
MAAC supplied the same amount of micro-minerals (Fe, Mn, Zn, Cu,
I, and Co).

In Vivo Phytate Phosphorus Hydrolysis. Animals and DietsA

sodium acetate buffer between pH 3.5 and 6.5 (16). Phytase enzymemash starter diet was mixed such that it met or exceeded National

was suspended in a buffer and then diluted such that a«LO®lume
would contain the equivalent of 500 units (U) phytase/kg diet when

Research Council2Q) broiler recommendations for all nutrients. For
the experimental diets, a corn-soybean meal grower basal with no added

added to the substrate solutions. The chosen level of phytase, 500 Umicro-minerals, inorganic Ca, or F¢ble 1) was mixed and analyzed

phytase/kg diet, is within the range (36800 U phytase/kg diet)
recommended to be added to poultry dietg,(18). A U of phytase

for Ca, P, and PP, as described in the sample analysis section, before
the experimental diets were formulated.

activity, as defined by the manufacturer, is the amount of phytase needed The experimental design was ax23 factorial with two added Ca

to liberate 1.Qumole of inorganic P from 4.% 1072 M Mg - K phytate
per min at 37°C and pH 2.5.

Effect of Calcium. Four Ca levels were selected (0, 0.86, 3.44, and
7.74 g of CaC@L) to be equivalent to 0, 1.0, 4.0, or 9.0 g/kg diet.
The highest level chosen, 9.0 g/kg, is the level most commonly used
in broiler starter diets. The two other levels (4.0 and 1.0 g/kg) were

levels (0, 5.0 g/kg) and three micro-mineral sources (none, 1X IMM,
and 1X MAAC; 1X of each as defined previously). The basal diet was
used at 970 g/kg of the diet, and Cag @M, MAAC, and Celite
were added to achieve levels desired in the experimental diets. Celite
was added to all diets as an indigestible markdr) @nd as a filler, to
achieve 100% without affecting diet nutrient density, with a minimum

chosen as intermediate and low levels. The four Ca levels were addedinclusion rate of 10 g/kg. This level is the minimum needed for effective
to the Na-phytate substrate, and the pH of the solutions was checkeduse of Celite as a marker. The dietary treatments were (1) basal, (2)
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basal plus 5 g/kg Ca (from CaGR(3) basal plus 1X IMM, (4) basal
plus 1X IMM, plus 5.0 g/kg Ca (from CaC{) (5) basal plus 1X
MAAC, and (6) basal plus 1X MAAC plus 5.0 g/kg Ca (from CagO
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Table 2. P Values from the ANOVA Analysis for the Effect of
Micro-Mineral Level and Source on in Vitro Phytate Phosphorus
Hydrolysis at pH 2.5 and 6.5

Day-old male (Ross 308) broiler chicks were raised in floor pens
from hatch to 20 days of age and fed the starter diet, ad libitum. On
day 20, birds were randomly assigned to eight replicate battery pens
per dietary treatment, four birds per pen. The six dietary treatments

were assigned to battery pens, using a completely randomized design.

Birds were fasted for 16 h and then fed the experimental diet ad libitum
for 30 h, sacrificed by cervical dislocation, ileum separated, and ileal
contents collected by expressing gently. The ileum was defined as the
segment from the Meckel’s diverticulum to 3 cm before the ileocecal
junction. lleal contents were pooled by pen (the experimental unit),
dried at 80°C for 24 h, and stored at 10C for later analysis. The
experimental period (30 h) was chosen to minimize functional adapta-
tions of the gastrointestinal tract to the diets (23). All guidelines of

the Animal Care and Use Committee of the University of Maryland
were followed.

Sample AnalysedDiets and ileal samples were ground to pass
through a 0.5 and 0.25 mm screen, respectively. On all samples,
moisture (24), acid insoluble ast?2g), Ca (26), P 19), and PP
(according to the method of Rounds and Niels2)(@s modified by
Newkirk and Classen (28)) were determined. All analyses were done
in duplicate.

Statistical Analysedg-or the in vitro experiment, the Ca effect was
studied using a 4 2 factorial (four Ca levels, two pHs) design. The
data were analyzed using mixed procedures of S2®.(Pairwise
comparisons were done to compare means within each time period/pH
combination, using Tukey's HSD te2(q) to control experiment-wise
error rate. For the micro-mineral study, the design was>a 2 x 2
factorial (two pHs, five micro-mineral levels, two sources), and the
data were analyzed separately for each time period, using mixed
procedures of SAS20). To test the effect of micro-mineral level,

time (min)

sources of variation 15 30 60 120

level <0.0001 <0.0001 <0.0001 <0.0001
source? 0.3805 0.0103 <0.0001 0.0008
pH® <0.0001 <0.0001 <0.0001 <0.0001
level x source 0.0071 0.0088 <0.0001 <0.0001
level x pH <0.0001 <0.0001 <0.0001 <0.0001
source x pH 0.1157 0.0243 0.4982 <0.0001
level x source x pH 0.2763 0.5150 0.0389 0.0115

@ Five micro-mineral levels were used; 0, 1, 5, 7.5, and 10X; where 1X was
equivalent to 1 g/kg diet for the IMM and 4.5 g/kg diet for the MAAC.  Two micro-
mineral sources were used. 1. Inorganic micro-mineral premix (IMM), which supplied
per 1X: 98 mg Ca from CaCOs, 210 mg Zn from ZnO; 120 mg Mn from MnO and
MnSOy4, 40 mg Fe from FeSO4, 20 mg Cu from CuO, 3.0 mg | from Ca(l0s),, and
0.05 mg Co from CoCOs. 2. Micro-mineral amino acid complex (MAAC), which
supplied per 1X: 210 mg Zn from Availa-Zn 100, Zn amino acid complex; 120 mg
Mn from Availa-Mn 80, Mn amino acid complex; 40 mg Fe from Availa-Fe 60, Fe
amino acid complex; 20 mg Cu from Availa-Cu 100, Cu amino acid complex; 3.0
mg | from Ca(103),; and 0.05 mg Co from CoCly. (X is equivalent to 0.45% in the
diet). ¢ Two pHs tested, 2.5 and 6.5.

One important factor that primarily influences PP hydrolysis
is the Ca/phytate molar rati@8). At high molar Ca concentra-
tions and at near neutral pH, Ca binds to phytate, forming a
low solubility complex. Under in vitro conditions at pH 7.5,
when Ca was added to sodium phytate at equimolar ratios, very
little Ca and phytate precipitated. However, when the Ca/phytate

pairwise comparisons were done to compare means within eachMolar ratio was increased to 2:1, 40.8 and 47.6% of Ca and
combination of pH, time, and source. The effect of micro-mineral source Phytate, respectively, precipitated (34). Grynspan and Cheryan
was also tested, by doing pairwise comparisons across sources within(32) reported maximum precipitation of PP at a pH higher than
each time, pH, and level combination. Significance was accepted at 6 and Ca/PA molar ratio of 6.5 or 12.67. A precipitated phytate
< 0.05. is not available to the phytase enzyme. This can partially explain
For the in vivo experiment, the design was a completely randomized the inhibition in PP hydrolysis seen in this study.
3 x 2 factorial (three micro-mineral sources and two Ca levels), In the present study, the molar ratios of Ca/PA studied were
resulting in six dietary treatments. Each pen served as an experimentall_7:l, 6.9:1, and 15.5:1. At pH 6.5, Ca/PA molar ratios of 6.9:1
qnit (eight pens/treatment), and data were analyzed using the Generaland 15.5:1 resulted in 45 and 57% inhibition in PP hydrolysis,
Linear Models procedures of SAS2Y). When the mOd,el vas respectively, during a 30 min incubation period. At pH 2.5
SIgnlflc_ant_, 'treatment means were separated using Tukey’s HSD teSthOWGVEI' 50% inhibition in PP hvdrolvsis in 30 min i bati
(30). Significance was acceptedRt< 0.05. ' 6 inhibition in yarolysis in min incu Qthn
was observed only at a Ca/PA molar ratio of 15.5:1. In a similar
study, 50% inhibition in PP hydrolysis occurred at Ca/PA molar
ratio of 35.9:1 at a 6.5 pH, while at pH 4.0, even a 7042:1
molar ratio did not result in 50% PP hydrolysis inhibitid®)(
the in vitro studies are summarizedTiable 2 andFigures 1, The differences in the Ca/PA molar ratio required for a 50%
2, and 3. In the Ca study, significant Ca, pH, and GapH inhibition between the Maenz et ab)(work and the present
interaction was present at all time periods. Pairwise comparisonsstudy can be due to several key components that were different
were done to test simple effect means, and results are sum-between the two studies, including concentration of the substrate
marized inFigure 1. At pH 2.5 Figure 1A), PP hydrolysis (sodium phytate), the enzyme used and its pH optimum,
was reducedR < 0.05) by the addition of 4.0 g/kg or 9.0 g/lkg  incubation temperature, and incubation times. Finally, it is

RESULTS AND DISCUSSION
In Vitro Phytate Phosphorus Hydrolysis. The results of

Ca at all incubation times. A 1.0-g/kg Ca level resulted in
significant reduction in PP hydrolysis only after 120 min of
incubation. At pH 6.5, however, addition of Ca at levels as low

important to note that the addition of Ca to the phytate solution,
as well as the duration of mixing and stirring, has an impact on
its final pH, which in turn may affect PP hydrolysis.

as 1.0 g/kg resulted in a decreage< 0.05) in PP hydrolysis In the micro-mineral study, thE values, from the ANOVA

at 60 and 120 min, versus the no-Ca-added treatment (Figure analyses, for the effect of micro-mineral level and source on
1B). Addition of Ca decreased PP hydrolysis to a greater extentPP hydrolysis at pH 2.5 and 6.5, are given Table 2.

at pH 6.5 than at 2.5, which explains the significant <aH Significant three way interactions (level sourcex pH) were
interaction. The addition of Ca at 1.0, 4.0, or 9.0 g/kg reduced noted for incubation times of 60 and 120 min, while for the 15
PP hydrolysis during a 60 min incubation period by 2, 25, and and 30 min incubations only two-way interactions were
56%, respectively, at pH 2.5. At pH 6.5, the reductions were significant. Pairwise comparisons were done to study simple
23, 48, and 46%, respectively. These findings agree with effects and results are shown kigures 1and?2. Irrespective
published work, which showed that mineral cations, including of pH or micro-mineral source, addition of micro-minerals at
Ca, negatively influenced PP hydrolysis and that this effect was levels as low as 1X reduced (R 0.05) PP hydrolysis at all
more pronounced at higher pHs @&, 32). time periods versus the no micro-minerals added treatments.
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(A) pH 2.5
1500.00
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§ 1250.00 OM1.0N 4089003
;‘ ..
£ 1000.00 %
3 750.00 §
: \
=  500.00 \\\\
r.': a a b &
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: \
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Time (min)
(B) pH 6.5
400.00
g 350,00 Calcium (g/kg)
g Om1.0m 408900
2 30000
B b
-E 250.00 b
% 200.00 a &
£ 15000 b
E 100.00 a c t
[ a
3 s000 | a b ¢
0.00 -
15 30 60 120
Time (min)
P value
Ca level <0.0001 <0.0001 <0.0001  <0.0001
PH <0.0001 <0.0001 <0.0001  <0.0001
Ca level x pH 0.0002 <0.0001 <0.0001 <0.0001

Figure 1. Effect of calcium addition from CaCOj; on in vitro phytate
phosphorus hydrolysis («g P released/unit phytase): (A) pH 2.5; (B) pH
6.5; (a—d) means within the same time period within each pH with no
common superscript letter differ (P < 0.05), n = 4.

However, when higher levels of micro-minerals were added,
the response of PP hydrolysis differed between micro-mineral
sources and pHs.

At pH 2.5 (Figure 2), addition of IMM or MAAC at levels
higher than 1X resulted in an additional decreaRe<(0.05)
in PP hydrolysis. At this pH (2.5), addition of micro-minerals
at 1, 5, 7.5, and 10X and incubating for 60 min, resulted in
20, 29, 41, and 54% reduction in PP hydrolysis, respectively
when IMM was used, and 11, 47, 61 and 59%, respectively
when MAAC was used. Difference® (< 0.05) in micro-min-
eral source were noted only for 5 and 7.5X micro-mineral
additions at the 60 min incubation period, in which PP
hydrolysis was lower when MAAC was added than when IMM
was added.

At pH 6.5 (Figure 3), addition of IMM at levels in excess of
1X did not result in any additional reduction in PP hydrolysis.
While addition of MAAC at levels in excess of 1X resulted in
further reduction P < 0.05) in PP hydrolysis, such that when
7.5 and 10 X MAAC were added no PP hydrolysis was detected.
The differential effects between micro-mineral sources at
different levels explain the source by level interaction that was
noted. At this pH (6.5), addition of micro-minerals at levels of
1,5, 7.5, and 10X and incubation for 60 min resulted in 60, 50,
70, and 68% reduction in PP hydrolysis, respectively when IMM
was used and 66, 91, 100, and 100%, respectively when MAAC
was used. A significant difference between the two micro-
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mineral sources was noted mainly for the 5, 7.5, and 10X at
120 min incubation.

In contrast to what was hypothesized, addition of micro-
minerals, as amino acid complexes, did not improve PP hy-
drolysis as compared to addition of micro-minerals in an inor-
ganic form. These findings were unexpected and can be partially
explained by a weakness in the hypothesis. When the hypothesis
was made, the ionization potential of the micro-minei@iino
acid complexes was not considered. It could be that, under the
conditions studied, the MAAC minerals were ionized resulting
in free mineral cations that were available to bind phytate, thus
reducing PP hydrolysis. Several factors, including the micro-
mineral and its concentration, the concentration of the chelating
agent, and the stability of the complex at different pHs, can
affect mineral availability 5). Also, it could be that the micro-
mineral cations have higher affinity for the phytate molecule
than for the chelating amino acid and can therefore dissociate
from the amino acid and bind to phytate.

In Vivo Phytate Phosphorus Hydrolysis.Results of the in
vivo experiment are summarized Trable 3. No Ca by micro-
mineral interactions were observed for any of the parameters
studied, and only Ca main effects were found. The addition of
Ca to the diets resulted in less PP disappearing from the
intestine, irrespective of micro-mineral addition (68.6% when
Ca was not added vs 21.3% when Ca was added). Other
researchers have reported similar results, in which Ca has
reduced PP hydrolysis. An increase in dietary Ca in chick diets,
from 1.2 to 5.2 g/kg, reduced PP hydrolysis from 55.0% to 5.6%
(10). Furthermore, a reduction of dietary Ca level from 10.0 to
5.0 g/kg diet increased PP hydrolysis in chicks by 1594)(
Similar results were also reported by Sebastian et4).who
found that broiler diets with 12.5 g/kg Ca resulted in lower P
retention compared to that of birds fed diets containing 10.0
g/kg Ca. These authorg) attributed the effect of reduced P
utilization at higher Ca concentration to one of three factors:
(1) precipitation of phytate by Ca through Ca-phytate complex
formation @3); (2) increased intestinal pH caused by Ca, which
reduces mineral solubility, and therefore availability (36); or
(3) the direct effect of Ca on phytase by competing for the active
sites of phytase (11).

Apparent absorption of P followed the same trend as PP
hydrolysis, where the addition of 5.0 g/kg Ca resulted in a 24.9%
apparent P absorption, compared to 65.2% when Ca was not
added. Because P comprises both PP and nPP, and because there
was no addition of any other source of P to these diets, it was
expected that apparent P absorption would increase as PP
hydrolysis increased. Others have reported similar findings, in
which an increase in apparent absorption of P was found when
the Ca level in the diet of rats and hamsters was reduced from
10.8 g/kg to 5.1 g/kg37).

Apparent absorption of Ca was high& ¢ 0.05) when Ca
was added to the diet than when Ca was not added (51.0 versus
45.1%, respectively). Similar findings have been reported, in
which increasing dietary Ca from 5.1 g/kg to 10.8 g/kg increased
apparent absorption of C&7). However, contrasting findings
have also been reported, in which increased levels of dietary
Ca reduced Ca retention, with maximum retention being
observed at 6.0 g/kg Ca, compared to 10.0 g/kg (38). In the
present study, the only source of Ca in the diets with no added
Ca was that from feed ingredients. This Ca can be bound to
phytates and oxalates, and this may reduce bioavailability as
compared to that of supplemental inorganic sources such as
CaCQ; (39). The short experimental period used in the present
work, in which intestinal Ca absorption and transport mecha-
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Figure 2. Effect of micro-mineral source and level on phytate phosphorus
hydrolysis (ug P released/unit phytase) at pH 2.5: (A) inorganic micro-
mineral premix (IMM); (B) micro-mineral—amino acid complex (MAAC).
IMM supplied per 1X: 98 mg Ca from CaCOs, 210 mg Zn from ZnO, 120
mg Mn from MnO and MnSO,, 40 mg Fe from FeSO,, 20 mg Cu from
Cu0, 3.0 mg | from Ca(10;3),, and 0.05 mg Co from CoCOs. (X is equivalent
to 1 g/kg diet). MAAC supplied per 1X: 210 mg Zn from Availa-Zn 100,
Zn—amino acid complex; 120 mg Mn from Availa-Mn 80, Mn—amino acid
complex; 40 mg Fe from Availa-Fe 60, Fe—amino acid complex; 20 mg
Cu from Availa-Cu 100, Cu—amino acid complex; 3.0 mg | from Ca(I03),;
and 0.05 mg Co from CoCl, (X is equivalent to 4.5 g/kg diet). (a—d) Means
within the same micro-mineral source and time period with no common
superscript letter differ (P < 0.05), n = 4. * Designates significant difference
between micro-mineral source within the same level and time period.

Figure 3. Effect of micro-mineral source and level on phytate phosphorus
hydrolysis (ug P released/unit phytase) at pH 6.5: (A) inorganic micro-
mineral premix (IMM); (B) micro-mineral—amino acid complex (MAAC).
IMM supplied per 1X: 98 mg Ca from CaCQO;z, 210 mg Zn from ZnO, 120
mg Mn from MnO and MnSQ,, 40 mg Fe from FeSQq4, 20 mg Cu from
CuO, 3.0 mg | from Ca(lOs3),, and 0.05 mg Co from CoCOs. (X is equivalent
to 1 g/kg diet). MAAC supplied per 1X: 210 mg Zn from Availa-Zn 100,
Zn—amino acid complex; 120 mg Mn from Availa-Mn 80, Mn—amino acid
complex; 40 mg Fe from Availa-Fe 60, Fe—amino acid complex; 20 mg
Cu from Availa-Cu 100, Cu—amino acid complex; 3.0 mg | from Ca(l03),;
and 0.05 mg Co from CoCl,, (X is equivalent to 4.5 g/kg diet). (a—d)
Means within the same micro-mineral source and time period with no
common superscript letter differ (P < 0.05), n = 4. * Designates significant
difference between micro-mineral source within the same level and time

eriod.
nisms did not have enough time to adapt to the lower Ca level P

in the diet, may also explain the contrasting findings of this groups, respectively). Such forms are more available to mono-
study and those of Sebastian et @8). This time period was  gastric animals due to a higher solubility of the complexes
chosen based on reports that it takes more than 48 h for theformed between phytates and cations as the number of phosphate
chicken intestine to exhibit any functional changes in response groups on the phytate molecule decreagk® @nd are more
to treatments (2223). The main aim of this study was to ex-  easily hydrolyzed by non specific acid phosphatases. One more
amine the effect of Ca and micro-mineral source on PP hydroly- factor is that phytase was added in the in vitro study, while in
sis in the intestinal tract, and thus it was essential that functional the in vivo study, any phytase present would have come from
changes in the intestinal tract and whole body metabolic changesingredients, microbial, or intestinal origin. Finally, it is important
be minimized during the measured response period. to note that the in vivo system is more complex than the in
The fact that micro-minerals had a significant effect on PP vitro system, and the concentrations of micro-minerals added
hydrolysis in vitro but not in vivo may be attributed primarily  (1X) may not be high enough to give a measurable effect on
to the use of sodium phytate as a substrate in the in vitro study PP disappearance.
compared to the phytate source used in the in vivo experiment. From the results of the in vitro work, Ca and micro-minerals
In the in vivo experiment, phytate was from corn and soybean affected PP hydrolysis in a pH-dependent manner. While
meal, which would exist as mixed salts of K, Mg, and Ca addition of Ca resulted in a large decrease in PP hydrolysis in
phytate, where the PA molecule is already bound to the mineralsvivo, the micro-minerals tested did not affect PP hydrolysis.
and may be less available to bind additional diet minerals. Therefore, it would appear that birds have the potential to utilize
Furthermore, sodium phytate exists only as IP6 (inositol ring PP; however, this ability is greatly influenced by the level of
with six phosphate groups), while in corn—soybean diets there Ca in the diet. Because Ca is an important mineral needed by
is a small proportion of total PP present as IP5, IP4, IP3, or all animals, it would be important to find a delivery system or
IP2 (inositol ring with five, four, three, and two phosphate form of Ca to the animal that would not be reactive with the
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Table 3. Effect of Added Calcium and Micro-Minerals on Apparent
Calcium and Phosphorus Absorption and Phytate Phosphorus (PP)
Disappearance in the Gastrointestinal Tract (up to the lleum) of
22-Day-Old Broilers?

PP apparent apparent
calcium micro-mineral  disappearance®  phosphorus calcium
added® g/kg premix (%) absorption (%) absorption (%)
0 none 67.1 65.1 44.7
5.0 none 18.9 224 52.3
0 IMmd 70.3 66.5 474
5.0 IMM 21.3 25.1 50.8
0 MAAC® 68.5 64.0 432
5.0 MAAC 23.7 27.3 50.0
SEM 2.3 1.9 2.3
statistical analysis probability > F
calcium added <0.0001 <0.0001 0.0017
micro-minerals 0.39 0.50 0.48
calcium x micro- 0.63 0.27 0.58
minerals
main effect
means added
calcium
0 68.6 65.2f 45,19
0.5 21.3¢ 24.99 51.0f
micro-mineral form
none 43.0 43.8 438
IMM 45.8 45.8 45.8
MAAC 46.1 45.6 45.6

2 All birds were fed the same starter diet from hatch to 20 days of age. Each
mean represents eight replicate pens with 4 birds each. ® Added from calcium
carbonate. ¢ Determined as PP in feed minus PP in ileal content, using Celite as
a marker. 9 Supplied per kilogram of diet: 98 mg Ca from CaCOs, 210 mg Zn
from ZnO, 120 mg Mn from MnO and MnSQ,, 40 mg Fe from FeSO4, 20 mg Cu
from CuO, 3.0 mg Ca from Ca(l0s);, and 0.05 mg Co from CoCOs. Southern
States Cooperative Inc., Richmond, VA. € Supplied per kilogram of diet: 210 mg
Zn from Availa-Zn 100, Zn amino acid complex; 120 mg Mn from Availa-Mn 80,
Mn amino acid complex, 40 mg Fe from Availa-60 Fe, Fe amino acid complex; 20
mg Cu from Availa-Cu 100 Cu, Cu amino acid complex; 3.0 mg | from Ca(I03);
and 0.05 mg Co from CoCl,. Zinpro Availa series Zinpro Corporation, Eden Prairie,
MN. F~9 Means within a column with no common superscript letter differ (P < 0.05).

PA molecule. A Ca chelate, in which Ca has stronger affinity
to the chelating molecule than to PA, would be a potential

delivery system in which Ca remains complexed to the chelate
during passage through the gastrointestinal tract. It is also very

Tamim and Angel

(2) Oberleas, D. Phytates. IToxicants occurring naturally in foogls
National Academy of Sciences, Washington, DC, 1973; p 363.

(3) Zanini, S. F.; Sazzad, M. H. Effects of microbial phytase on
growth and mineral utilization in broilers fed on maize-soybean-
based dietsBr. Poult. Sci.1999,40, 348—352.

(4) Sebastian, S.; Touchburn, S. P.; Chavez, E. R.; Lague, P. C.
The effects of supplemental microbial phytase on the perfor-
mance and utilization of dietary calcium, phosphorus, copper,
and zinc in broiler chickens fed corn-soybean di€sult. Sci.
1996,75, 729—736.

(5) Pallauf, J.; Rimbach, G. Nutritional significance of phytic acid
and phytaseArch. Anim. Nutr.1997,50, 301—319.

(6) Maenz, D. D.; Engele-Schan, C. M.; Newkirk, R. W.; Classen,
H. L. The effect of minerals and mineral chelators on the
formation of phytase-resistant and phytase-susceptible forms of
phytic acid in solution of canola meainim. Feed Sci. Technol
1999,81, 177—-192.

(7) Selle, P. H.; Ravindran, V.; Caldwell, R. A.; Bryden, W. L.
Phytate and phytase: Consequences for protein utilizatiotr.

Res. Rev2000,13, 255—-278.

(8) Champagne, E. T. Effects of pH on mineral-phytate, protein-
mineral-phytate, and mineral-fiber interactions. Possible conse-
guences of atrophic gastritis on mineral bioavailability from high-
fiber foods.J. Am. Coll. Nutr.19887, 499—508.

(9) Taylor, T. G. The availability of the calcium and phosphorus of
plant materials for animal®?roc. Nutr. Soc.1965, 24, 105—
112.

(10) Nelson, T. S.; Kirby, L. K. The calcium binding properties of
natural phytate in chick dietdNutr. Rep. Int 1987, 35, 949—
956.

(11) McGuaig, L. W.; Davies, M. |.; Motzok, I. Intestinal alkaline
phosphatase and phytase of chicks: Effect of dietary magnesium,
calcium, phosphorus, and thyroactive cas€ioult. Sci.1972,

51, 526—530.

(12) Nielsen, F. H.; Sunde, M. L.; Hoekstra, W. G. Effect of some
dietary synthetic and natural chelating agents on the zinc-deficient
syndrome in the chick. J. Nutl966,89, 35-42.

(13) Fouad, M. T. Chelation and chelated mineralsléth Annual
I. C. A. N. SymposiumApplied Nutrition Section, 1976; pp
6—13.

(14) Anderson, K. A. Macro and micro elements in plant tissues. In
Analytical techniques for inorganic contaminansOAC In-
ternational: Giathersburg, MD, 1999; pp 110—116.

(15) Chen, J. Phytase assay in straight products, premixes and feeds.
In: Phytase in Animal Nutrition and Waste Managemeht.
BASF Reference Manual, Coelho, M. B., Kornegay, E. T., Eds.;
1996, pp 649—654.

important that the Ca chelate either releases Ca close to the (16) Igbasan, F. A.; Manner, K.; Miksch, G.; Borris, R.; Farouk, A;

absorptive sites minimizing potential for complexing with

phytate, or be absorbed as a complex, in which case, Ca must
be released after absorption, so that it can be used by the ani-

mal. Increasing PP utilization by broilers would result in lower

levels of inorganic P needed to be added to broiler diets and
thus in lower total dietary P levels being used. The decreased (qg)
need for inorganic P sources would result in less P being

imported into regions where broiler production is high, lower

dietary costs, and lower levels of excreta P; thus decreasing

the environmental impact of broiler production as well as
production costs.

ABBREVIATIONS USED

PA, phytic acid; PP, phytate phosphorus; IMM, inorganic
micro-mineral premix; MAAC, micro-mineralamino acid
complexes; U, unit.

LITERATURE CITED

(1) Cheryan, M. Phytic acid interactions in food syste@RC Crit.
Rew. Food Sci. Nutr1980,13, 297—335.

Simon, O. Comparative studies on the in vitro properties of
phytases from various microbial originstch. Anim. Nutr2000,
53, 353—373.

(17) Sohail, S. S.; Roland, D. A., Sr. Influence of supplemental

phytase on performance of broilers four to six weeks of age.

Poult. Sci.1999,78, 550—555.

Qian, H.; Kornegay, E. T.; Denbow, D. M. Utilization of

phosphorus and calcium as influenced by microbial phytase,

cholecalciferol, and the calcium/total phosphorus ratio in broiler

diets.Poult. Sci.1997,76, 37-46.

(19) Heinonen, J. K.; Lahti, R. J. A new and convenient colorimetric
determination of inorganic orthophosphate and its application
to the assay of inorganic pyrophosphatasgal. Biochem1981,

113, 313-317.

(20) National Research CouncMutrient Requirements of Poultry
9th rev. ed.; National Academy Press: Washington, DC, 1994.

(21) Scott, T. A.; Boldaji, F. Comparison of inert markers (chromic
oxide or insoluble ash (Celite)) for determining apparent
metabolizable energy of wheat- or barley-based broiler diets with
or without enzymesPoult. Sci.1997,76, 594—598.

(22) Imondi, A. R.; Bird, F. H. The turnover of intestinal epithelium
in the chick.Poult. Sci.1966,45, 142—147.



Phytate Phosphorus Hydrolysis

(23) Uni, Z.; Gal-Garber, O.; Geyra, A.; Sklan, D.; Yahav, S. Changes
in growth and function of chick small intestine epithelium due
to early thermal conditioningPoult. Sci.2001, 80, 438—445.

(24) Association of Official Analytical Chemists. Official Methods
of Analysis. 16" ed. Method # 934.01. Association of Official
Analytical Chemists. Arlington, VA, 1999.

(25) Vogtmann, H.; Frirter, P.; Prabuck, A. L. A new method of
determining. metabolizability of energy and digestibility of fatty
acids in broiler dietsBr. Poult. Sci.1975,16, 531—534.

(26) Perkin-Elmer. Analytical methods for atomic absorption spec-
trophotometry. Norwalk, CT, 1982.

(27) Rounds, M. A.; Nielsen, S. S. Anion exchange high performance
liquid chromatography with postcolumn detection for the analysis
of phytic acid and other inositol phosphatésChromatogr. A.
1993,653, 148—152.

(28) Newkirk, R. W.; Classen, H. L. In vitro hydrolysis of phytate in
canola meal with purified and crude sources of phytasem.
Feed Sci. Techl998,72, 315—327.

(29) SAS Institute Inc. SAS User’s Guide: Statistics. Version 8. SAS
Institute Inc., Cary, NC, 1996.

(30) Tukey, J. The philosophy of multiple compariso¢at. Sci.
1991,6, 100—116.

(31) Gifford, S. R.; Clydesdale, F. M. Interactions among calcium,
zinc, and phytate with three protein sourcésfFood Scil1990,

55, 1720—1724.

(32) Grynspan, F.; Cheryan, M. Calcium phytate: Effect of pH and
molar ratio on in vitro solubility.J. Am. Oil Chem. Sod 983,

60, 1761—1764.

(33) Wise, A. Dietary factors determining the biological activities of
phytate.Nutr. Abs. Re»1983,53, 791—806.

J. Agric. Food Chem., Vol. 51, No. 16, 2003 4693

(34) Subba Rao, K.; Narasinga Rao, B. S. Studies on iron chelation
by phytate and the influence of other mineral ions orNittr.
Reports Int.1983,28, 771—782.

(35) Shah, B. G. Chelating agents and bioavailability of minerals.
Nutr. Res.1981,1, 617—622.

(36) Shafey, T. M.; McDonald, M. W. The effects of dietary calcium,
phosphorus and protein on the performance and nutrient utiliza-
tion of broiler chickensPoult. Sci.1991,70, 548—553.

(37) Taylor, T. G.; Coleman, J. W. A comparative study of the
absorption of calcium and the availability of phytate-phosphorus
in the golden hamsteMesocricetus auratus) and the laboratory
rat. Br. J. Nutr.1979,42, 113—119.

(38) Sebastian, S.; Touchburn S. P.; Chavez, E. R.; Lague, P. C.
Efficacy of supplemental microbial phytase at different dietary
calcium levels on growth performance and mineral utilization
of broiler chickensPoult. Sci.1996,75, 1516—1523.

(39) Soares, J. Calcium bioavailability. Bioa:ailability of nutrients
for animals. Amino acidsminerals, andvitamins. Academic
Press: New York, 1995; pp 95—118.

(40) Lonnerdal, B. Dietary factors influencing zinc absorptibriNutr.
2000,13, 1378—1383.

Received for review February 6, 2003. Revised manuscript received
May 13, 2003. Accepted May 15, 2003. Funding for this work was
provided by CSREES National Research Initiative (NRI) 00-35206-
9360 and the Maryland Agriculture Experiment Station.

JF034122X



