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ABSTRACT Cobb 400, male broilers (n = 4,752)
were housed in 12 pens/diet and 33 birds/pen. There
were 3 levels of phytate P (0.24, 0.345, or 0.45%) and
4 phytase doses (0, 500, 1,000 or 2,000 phytase units
(FTU)/kg) to evaluate the influence of phytate and
phytase dose on apparent ileal digestibility (AID) and
digestible nutrient intake. Diets were formulated with
reduced Ca (0.22%), available P (0.20%), energy (80
to 120 kcal/kg) and amino acids (1 to 5%). On day
21, digesta was collected from 8 birds/pen. Prediction
equations determined the linear or non-linear influence
of phytate P, log phytase dose, and the interaction.
The AID of amino acids, Ca or P and digestible amino
acid or Ca intake were influenced by linear or non-
linear phytate P × log phytase dose (P < 0.0001).
Increasing the dietary phytate P from 0.24 to 0.345
or 0.45% was predicted to reduce the AID of amino
acids in a non-linear manner by an average of 6 to 7
percentage points, respectively. This corresponded to a

non-linear decrease in digestible amino acid intake of
an average of 80 to 90 mg/D. The negative effect of in-
creasing dietary phytate P from 0.24 to 0.45% on AID
was greatest for cysteine (−14 percentage points), as-
partic acid or glycine (−9 percentage points) and low-
est for methionine, tryptophan, serine, or glutamic acid
(−5 percentage points). The predicted digestible intake
of lysine (−120 mg/D), aspartic acid (−180 mg/D), or
glutamic acid (−290 mg/D) were reduced in birds fed
diets containing 0.345% vs. 0.24% phytate P. Phytase
supplementation was predicted to increase the AID of
amino acids, Ca, or P in a non-linear-log or log-linear
manner at all levels of phytate P, with the greatest re-
sponse at higher doses of phytase in diets containing
0.345 or 0.45% phytate P. The effect of phytase on di-
gestible nutrient intake was less clear. Prediction equa-
tions can be useful to determine the influence of phytase
and phytate P on AID and digestible nutrient intake in
broilers.
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INTRODUCTION

There is a considerable amount of data in the litera-
ture supporting anti-nutritional effects of dietary phy-
tate on apparent ileal amino acid digestibility (AID)
and growth performance, particularly as phytate P con-
centration increases in the diet. However, some of the
work evaluating the anti-nutritional effects of phytate
was conducted using sodium phytate and synthetic-
diets, which has been shown to influence the deter-
mined digestibility coefficients from that of standard
diets (Gonzalez-Vega et al., 2015; David et al., 2019)
and impact feed intake, also reported to have an in-
fluence on digestibility coefficients (Kelly et al., 1991).
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Due to its chemical properties and solubility through-
out the intestinal tract, sodium phytate may not fully
mimic the anti-nutritional effects of phytate in plant-
based feed ingredients (Onyango et al., 2009). However,
others have reported increasing concentrations of di-
etary phytate P from rice bran significantly reduced the
AID of amino acids in broilers fed diets with reduced
energy, Ca, non-phytate P, and amino acids (Ravindran
et al., 2006).

Phytate P in grains is necessary for growth of the
seed and can bind minerals, amino acids, and inhibit
endogenous enzyme activity in poultry (Liu et al., 2008,
2009). Phytase, is an enzyme capable of breaking down
phytate into lower phytate esters and inositol (Sommer-
feld et al., 2018; Walk and Olukosi, 2019). This process
allows the previously bound P to be available to the an-
imal while also improving Ca, amino acid, and energy
digestibility and utilization (Cowieson et al., 2006a).
Exogenous phytase increases the availability of nutri-
ents that would otherwise be bound to phytate and
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therefore the P, Ca, amino acid, and energy content
of the diet may be reduced without negatively impact-
ing animal growth performance, while increasing AID
(Ravindran et al., 2006) and digestible intake of nutri-
ents to levels comparable to a nutrient adequate control
(Walk and Olukosi, 2019). However, as the concentra-
tion of phytate increases in the diet, the magnitude of
the response or the anti-nutritional effect of phytate
on nutrients, such as amino acids, is greater (Cowieson
et al., 2006a). To achieve rapid and nearly complete
phytate destruction, particularly at higher concentra-
tions of phytate P or in diets severely limited in Ca,
P, energy, and amino acids, increasing doses of phy-
tase above 1,000 FTU/kg may be necessary. Therefore,
the objective of this experiment was to use prediction
equations to determine the impact of increasing phy-
tate P, from rice bran, and increasing doses of phytase,
supplemented into diets severely limited in nutrients,
on AID and digestible intake of amino acids, Ca, and
P. We hypothesized an increase in phytase dose was
required to overcome the anti-nutritional properties of
the greater phytate P concentration and result in an
equivalent AID or digestible intake of nutrients com-
parable to the lower phytate P diets without and with
phytase.

MATERIALS AND METHODS

All experimental procedures complied with Indian
ethical standards for use of vertebrate animals in re-
search.

Animals and Husbandry

Cobb 400 male broilers (n = 4,752) were obtained
at day of hatch and placed in floor pens on clean rice
husk at a stocking density of 14.4 chicks/m2. There
were 33 birds/pen and 12 replicate pens/diet. Birds
were vaccinated against Newcastle Disease virus and
Infectious Bursal Disease virus per label recommenda-
tions. For the entire duration of the experiment (42 D),
birds were maintained on a lighting program of 23L:1D
and allowed ad libitum access to feed and water.

Dietary Treatments

Experimental diets were fed in mash form and based
on corn, soybean meal, rice DDGs, and 12% polished
rice or rice bran to change the phytate P concentration
of the diets (Table 1). Dietary treatments consisted of 3
levels of phytate P (0.24, 0.345, or 0.45%) and 4 concen-
trations of phytase (0, 500, 1,000, or 2,000 phytase units
(FTU)/kg) arranged as a 3 × 4 factorial. The standard
(0.24%) and high (0.45%) phytate P diets were mixed as
2 separate basal diets and then splitted 50:50 and mixed
to create the moderate (0.345%) phytate diet. Each of
the 3 phytate P diets was then split into 4 batches
to include the phytase concentrations and 12 treat-
ments total. Due to the influence of phytase and phy-

tate on minerals, amino acids, and energy, all diets were
formulated with a reduction of Ca (0.22%), available P
(0.20%), energy (80 to 120 kcal/kg), and amino acids
(1 to 5%) when compared with the requirements from
the VenCobb 400 Broiler Management Guide (Cobb-
Vantress Inc., Siloam Spring, AR). Corn was exchanged
with phytase where appropriate to equal 100%. The
phytase was an enhanced Escherichia coli 6-phytase ex-
pressed in Trichoderma reesei with an expected activity
of 5,000 FTU/g (Quantum Blue, AB Vista, Marlbor-
ough UK). The amount of enzyme required to release
1 µmol of inorganic P/min from sodium phytate at 37°C
and pH 5.5 is known as 1 phytase unit. All diets con-
tained a xylanase at 16,000 xylanase units (BXU)/kg
(Econase XT, AB Vista, Marlborough UK).

Response Variables

On day 21, 8 birds of average BW/pen were anaes-
thetized by exposure to CO2 gas for approximately 30 s
and euthanized by cervical dislocation for digesta col-
lection. Digesta was obtained from the entire ileum (de-
fined as Meckel’s diverticulum to the ileocecal junc-
tion), pooled/pen and immediately frozen on dry ice.
Digesta was dried at 70°C in a forced air oven for 48 h
and ground to pass a 1 mm screen. The use of oven dry-
ing was based on availability of equipment and the pre-
viously reported use of oven drying at >80°C for deter-
mination of amino acid digestibility (Dale et al., 1985;
Ravindran et al., 2001; Cowieson et al., 2006b). Dried,
ground ileal digesta and the experimental diets were an-
alyzed for amino acids (method 982.30), crude protein
(method 984.13 A-D), chromium (method 990.08), Ca
(method 975.03 B(b)), and P (method 968.08) accord-
ing to AOAC (2006) at the University of Missouri Agri-
cultural Experiment Station (Columbia, MO). Phytase
activity recovered in the diets was determined according
to modified methods of Engelen et al. (2001). Xylanase
activity recovered in the diets was determined using
birch xylan as a substrate at pH 5.3 and 50°C. The
method is based on the end-point determination of re-
ducing sugars using a DNS-based colorimetric system.
The color produced is proportional to enzyme activ-
ity. Xylanase units are expressed as nanomoles/second
of xylose reducing sugar equivalents (BXU/g). Phytate
content of the ingredients and the experimental diets
was determined using the K-PHYT kit from Megazyme
(Bray, Ireland) and phytate P content was calculated as
28.2% of the total phytate.

Calculations and Statistical Analyses

Apparent ileal amino acid digestibility was calculated
using chromium ratios in the diets and digesta (Ravin-
dran et al., 1999).

AID (%) =
[(

AA
Cr

)
diet− (

AA
Cr

)
ileal

]
(
AA
Cr

)
diet

× 100,
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Table 1. Calculated and analyzed nutrient content of the basal diets.

Feeding phase Starter diets Grower diets

Phytate P Standard High Standard High

Ingredient, % of diet (as-fed basis)
Corn 51.58 51.30 59.07 58.78
Soybean meal, 48% 27.62 25.60 20.40 18.39
Rice dried distillers grains w/solubles, 47% 5.00 5.00 5.00 5.00
Polished rice 12.00 12.00
De-oiled rice bran 12.00 12.00
Soybean oil 0.52 3.31 0.99 3.78
Salt 0.42 0.43 0.37 0.37
Limestone 1.00 0.55 1.04 0.60
Dicalcium phosphate1 0.95 0.85 0.67 0.57
Lysine-HCl 0.20 0.23 0.14 0.18
DL-methionine 0.19 0.20 0.12 0.13
Threonine 0.02 0.03 0.01
Premix2 0.15 0.15 0.15 0.15
Inert (corn/phytase)3 0.04 0.04 0.04 0.04
Xylanase4 0.01 0.01 0.01 0.01
Chromium 0.30 0.30

Nutrient composition, %
Crude protein 21.35 21.35 18.35 18.35
ME, kcal/kg 2955.00 2955.00 3060.00 3060.00
Dry matter 87.49 87.70 87.69 87.90
Calcium 0.72 0.72 0.66 0.66
Total phosphorus 0.54 0.74 0.46 0.66
Available phosphorus 0.25 0.25 0.20 0.20
Phytate phosphorus 0.24 0.45 0.23 0.44
Total methionine + cysteine 0.93 0.94 0.78 0.79
Total lysine 1.25 1.26 1.00 1.01
Digestible methionine + cysteine 0.83 0.83 0.69 0.69
Digestible lysine 1.13 1.13 0.90 0.90
Sodium 0.18 0.18 0.16 0.16
1Dicalcium phosphate supplied 17% P and 21% Ca.
2Supplied per kilogram of diet: iron (ferrous sulfate), 34 mg; manganese (manganese sulfate), 38 mg; zinc (zinc sulfate), 34 mg; copper (basic copper

chloride), 6 mg; iodine (calcium iodate), 0.8 mg; selenium (sodium selenite), 113 µg; vitamin A, 9.4 MIU; vitamin D3 2.1 MIU; vitamin E, 22.5 mg;
vitamin B12, 11 µg; riboflavin, 3.8 mg; niacin, 25 mg; d-pantothenic acid, 11 mg; vitamin K, 1.5 mg; folic acid, 0.8 mg; vitamin B6, 1.9 mg; thiamine,
1.5 mg; and biotin, 60 µg.

3Corn was added in place of phytase in the diets without phytase supplementation. The phytase used was Quantum Blue (AB Vista, Marlborough,
UK) with an expected activity of 5,000 FTU/g.

where (AA
Cr

)diet = the ratio of amino acid to chromium
in the diet; and (AA

Cr
)ileal = the ratio of amino acid to

chromium in the ileal digesta.
To calculate digestible nutrient intake in g/D, the

following equation was used (Walk et al., 2018):

digestible nutrient intake (g/day)

=

[
(diet nutrient, %) ×

(
AID nutrient, %

100

)]
100

×daily intake, g,

where diet nutrient = the analyzed nutrient concen-
tration of the diet; and AID nutrient = the previously
calculated apparent ileal nutrient digestibility.

Data were analyzed as a completely randomized 3 ×
4 factorial using the fit model platform of JMP Pro 14.0
(SAS Institute, Cary, NC). Outliers were determined as
3 times the root mean square error plus or minus the
mean of response. Plotting the AID or digestible nutri-
ent intake data using a normal quantile plot indicated
the means were normally distributed. For all param-
eters, prediction equations were conducted testing the

linear and non-linear effects of phytase log dose, phytate
P and the interactions as continuous variables. The full
model equation was: y = a + bx + dx2 + ev + fv2 +
gxv + hx2v + ixv2 + jx2v2, where y = response vari-
able, a = intercept, b to j = linear and non-linear
coefficients, x = calculated phytate P in the experi-
mental diets, and v = calculated log dose of phytase in
the experimental diets. The log dose for 0 FTU/kg was
estimated as 50 FTU/kg (log dose of 1.699), which is
equivalent to the background phytase activity recovered
in the diets containing no phytase. Parameter estimates
that were not significant in the model and were not in-
cluded in a significant interaction were removed from
the model and the estimates recalculated. Pen served
as the experimental unit for all parameters measured.
Significance was accepted at P ≤ 0.05.

RESULTS

Phytate P content of the main feed ingredients was
determined prior to feed formulation to ensure the ex-
pected phytate P levels in the diet were achieved. The
phytate P content of the main cereal ingredients was
0.12, 0.21, 0.25, 0.38, and 1.96% for polished rice, corn,
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Table 2. Analyzed phytate phosphorus content of the main ingredients used to formulate the diets, analyzed nutrient content of the
experimental diets, and enzyme activities recovered in the experimental diets.

Starter basal diets Grower basal diets

Item Standard phytate P Moderate phytate P High phytate P Standard phytate P Moderate phytate P High phytate P

Analyzed nutrient composition of the experimental diets, %
Crude protein 21.54 21.67 21.84 19.30 18.73 19.52
Total phosphorus 0.52 0.62 0.75 0.45 0.59 0.74
Total calcium 0.67 0.63 0.56 0.65 0.53 0.55
Total lysine 1.34 1.29 1.34
Phytate phosphorus 0.23 0.33 0.42 0.22 0.32 0.45

Phytase activity recovered in the experimental diets, FTU/kg
0 < 50 < 50 < 50 < 50 < 50 < 50
500 400 329 466 504 543 604
1,000 917 911 1,030 847 934 946
2,000 2,200 1,850 1,970 1,480 1,790 1,780

Xylanase activity recovered in the experimental diets, BXU/kg
0 14,000 15,800 15,500 18,200 18,000 18,700
500 14,000 18,700 16,300 18,200 18,400 18,300
1,000 16,900 15,400 16,600 16,800 18,600 15,700
2,000 16,600 15,400 17,200 14,200 15,600 16,700

Table 3. Prediction equations of the effect of graded concentrations of phytate P (x) and log doses of phytase (v) on apparent ileal
nutrient digestibility of 21-day-old broilers.

Model

Nutrient Equation RMSE Adjusted R2 P-value

Thr y = 345 − 1803x + 2686x2 − 192v + 33.8v2 + 1298xv − 2000x2v − 228xv2 + 357x2v2 1.46 0.86 <0.0001
Val y = 274 − 1334x + 1983x2 − 131v + 20.8v2 + 893xv − 1385x2v − 142xv2 + 226x2v2 1.39 0.86 <0.0001
Met y = 128 − 290x + 402x2 − 5.4v − 2.1v2 + 76.9xv − 134x2v + 5.1xv2 0.60 0.93 <0.0001
Iso y = 334 − 1673x + 2479x2 − 186v + 32.9v2 + 1253xv − 1920x2v − 221xv2 + 345x2v2 1.22 0.89 <0.0001
Leu y = 284 − 1329x + 1956x2 − 154v + 28.2v2 + 1030xv − 1565x2v − 189xv2 + 291x2v2 0.96 0.90 <0.0001
Phe y = 270 − 1246x + 1832x2 − 140v + 25.6v2 + 948xv − 1448x2v − 173xv2 + 267x2v2 0.92 0.92 <0.0001
Lys y = 277 − 1269x + 1897x2 − 124v + 19.6v2 + 861xv − 1348x2v − 141xv2 + 228x2v2 0.86 0.88 <0.0001
His y = 286 − 1359x + 2033x2 − 160v + 31v2 + 1102xv − 1696x2v − 212xv2 + 329x2v2 0.87 0.91 <0.0001
Arg y = 219 − 839x + 1210x2 − 91.5v + 15.7v2 + 605xv − 902x2v − 105xv2 + 159x2v2 0.62 0.88 <0.0001
Cys y = 151 − 506x + 599x2 − 23.5v + 166xv − 219x2v 1.68 0.93 <0.0001
Trp y = 305 − 1433x + 2086x2 − 166v + 32v2 + 1121xv − 1675x2v − 219xv2 + 331x2v2 0.86 0.83 <0.0001
Met + Cys y = 139 − 391x + 476x2 − 14.5v − 0.65v2 + 121xv − 158x2v 0.94 0.94 <0.0001
Asp y = 243 − 1077x + 1564x2 − 109v + 17.8v2 + 736xv − 1128x2v − 120xv2 + 188x2v2 1.22 0.92 <0.0001
Ser y = 163 − 532x + 727x2 − 25.5v + 176v2 − 250x2v 0.98 0.90 <0.0001
Glu y = 217 − 869x + 1254x2 − 91.8v + 15.5v2 + 613xv − 922x2v − 103xv2 + 158x2v2 0.82 0.90 <0.0001
Pro y = 242 − 1082x + 1574x2 − 123v + 22.8v2 + 832xv − 1262x2v − 153xv2 + 235x2v2 1.15 0.91 <0.0001
Gly y = 315 − 1613x + 2426x2 − 171v + 30.7v2 + 1176xv − 1842x2v − 211xv2 + 336x2v2 1.46 0.88 <0.0001
Ala y = 264 − 1237x + 1840x2 − 130v + 22.6v2 + 892xv − 1382x2v − 156xv2 + 246x2v2 1.06 0.89 <0.0001
Tyr y = 207 − 826x + 1179x2 − 96.1v + 17.5v2 + 650xv − 980x2v − 118xv2 + 181x2v2 0.95 0.92 <0.0001
Ca y = 727 − 3447x + 4344x2 − 634v + 133v2 + 3337xv − 4404x2v − 717xv2 + 970x2v2 2.71 0.80 <0.0001
P y = 255 − 1499x + 2294x2 − 183v + 40.9v2 + 1257xv − 1970x2v − 256xv2 + 403x2v2 1.73 0.98 <0.0001

rice distillers dried grains with solubles, soybean meal,
and de-oiled rice bran, respectively. Phytate P, nutri-
ents analyzed in the diets and enzyme activity recov-
ered in the experimental diets were similar to formu-
lated values (Table 2). Animal performance, bone ash
and gizzard phytate, phytate ester, and inositol are pre-
sented in a companion paper (Walk and Rama Rao,
unpublished).

Equations to predict the effect of increasing dietary
phytate P and log doses of phytase on AID of amino
acids, Ca and P are presented in Table 3. There was a
phytate P × log dose of phytase interaction (P < 0.05)
on the AID of all measured amino acids and Ca and
P, with differences in the magnitude and linear or non-
linear responses to phytate P or phytase for each amino

acid or mineral. In the absence of phytase, the predicted
AID of methionine decreased in a non-linear manner by
4.5 to 5.1 percentage points as the phytate P content of
the diet increased from 0.24% to 0.345 and 0.45%. Sup-
plementing phytase increased the AID of methionine in
a non-linear-log manner in birds fed diets containing
0.24% phytate P, with a maximum AID of methionine
achieved at 1,062 FTU/kg (log dose 3.026). However,
in birds fed 0.345 or 0.45% phytate P, phytase sup-
plementation increased the AID of methionine in a log-
linear manner and the maximum could not be predicted
(Table 4; Figure 1a). In the absence of phytase, the
AID of cysteine, serine, or methionine + cysteine de-
creased in a non-linear manner by 9.5 to 14.1, 5.9 to
5.3, or 6.6 to 8.7 percentage points, respectively, as
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Table 4. Predicted effect of graded concentrations of phytate P and log doses of phytase on apparent ileal nutrient digestibility of
21-day-old broilers.1

0.24% phytate P 0.345% phytate P 0.45% phytate P
Phytate P
Phytase dose 50 500 1,000 2,000 50 500 1,000 2,000 50 500 1,000 2,000

Thr 74.5 76.7 77.1 77.5 67.1 73.8 74.8 75.4 66.8 68.5 70.3 72.7
Val 73.5 75.6 76.2 76.6 67.1 73.3 74.7 75.8 66.8 68.5 70.1 72.1
Met 88.2 89.7 89.8 89.7 83.7 87.4 88.4 89.3 83.1 86.1 87.1 88.1
Iso 79.8 81.6 81.9 82.2 73.6 79.8 80.7 81.1 72.0 73.7 75.4 77.7
Leu 82.4 84.1 84.5 84.8 77.6 82.6 83.1 83.2 75.8 77.7 79.0 80.7
Phe 82.6 84.6 85.0 85.4 77.5 82.5 83.2 83.5 75.4 77.6 79.0 80.7
Lys 88.3 88.8 88.5 88.0 82.3 86.9 87.5 87.8 82.2 83.3 84.5 86.2
His 85.2 87.3 87.6 87.8 81.0 85.7 86.0 85.7 79.1 80.8 82.2 84.0
Arg 89.7 90.4 90.6 90.6 86.2 89.7 90.2 90.4 85.7 87.6 88.5 89.5
Cys 70.8 74.6 75.7 76.8 61.3 69.0 71.3 73.6 56.7 63.5 65.6 67.7
Trp 89.1 89.7 89.3 88.7 84.2 87.8 87.2 85.9 83.7 85.3 86.0 86.7
Met + Cys 80.6 83.3 83.9 84.3 74.0 79.7 81.2 82.6 71.9 77.3 78.6 79.9
Asp 79.9 82.4 83.0 83.7 73.5 79.3 80.6 81.6 71.2 73.8 75.3 77.2
Ser 80.6 82.9 83.6 84.3 74.7 80.0 81.7 83.3 75.3 78.3 79.2 80.1
Glu 84.4 86.0 86.4 86.4 80.2 84.7 85.5 86.1 79.2 81.5 82.7 84.0
Pro 79.3 81.9 82.5 83.1 74.2 79.5 80.3 80.7 71.5 74.3 75.8 77.6
Gly 75.3 78.0 78.5 78.9 68.1 74.3 75.3 75.9 66.8 68.6 70.5 73.2
Ala 79.7 81.6 81.9 82.1 74.2 79.4 80.2 80.6 73.1 75.0 76.4 78.3
Tyr 81.5 83.4 83.8 84.2 77.2 81.6 82.3 82.7 73.7 76.6 77.9 79.3
Ca 52.9 42.7 46.5 53.3 48.4 49.3 50.2 51.5 36.4 45.4 51.0 57.9
P 45.0 62.5 68.8 75.6 41.0 60.2 66.2 72.4 39.5 56.1 63.9 73.1

1Means were determined using the equations from Table 3 and the log dose of phytase at 1.7, 2.7, 3.0, and 3.3 for 50, 500, 1,000, and 2,000 FTU/kg,
respectively.

phytate P content of the diet increased from 0.24 to
0.345 and 0.45%. Supplementing phytase to > 2,000
FTU/kg increased the AID of cysteine (Figure 2a), ser-
ine or methionine + cysteine in a log-linear manner
and the maximum could not be predicted (Table 4).
In the absence of phytase, the AID of threonine, va-
line, isoleucine, leucine, phenylalanine, lysine, histidine,
arginine, tryptophan, aspartic acid, glutamic acid, pro-
line, glycine, alanine, and tyrosine were reduced in a
non-linear manner as the concentration of phytate P
increased in the diet from 0.24 to 0.45% (Table 4). The
magnitude of the response differed depending on the
amino acid, with only a 3.5 to 4.0 percentage point re-
duction in the AID of arginine as phytate P content
of the diet increased from 0.24 to 0.345 and 0.45% to
a 7.2 to 8.5 percentage point reduction in the AID of
glycine (Figure 3a) as the phytate P content of the diet
increased from 0.24 to 0.345 and 0.45% (Table 4). Sup-
plementing phytase increased the AID of all measured
amino acids in a non-linear-log manner and the magni-
tude of the response to phytase dose was dependent on
the phytate P content of the diet. In general, phytase
supplementation up to 500 FTU/kg improved the AID
amino acids by ∼2 and up to 1,000 FTU/kg improve the
AID of amino acids by ∼6 percentage points in birds
fed diets containing 0.24 and 0.345% phytate P, respec-
tively. Increasing phytase dose in these diets resulted in
no or relatively small (+0.2 to 0.3 percentage point) im-
provements in the AID amino acids. Whereas, in birds
fed diets containing 0.45% phytate P, phytase supple-
mentation of 500 or 1,000 FTU/kg improved the AID of
amino acids by ∼2 to 3 percentage points and this was
increased to ∼5 percentage points with 2,000 FTU/kg
(Table 4). Finally, the AID of Ca or P was predicted to

decrease in a non-linear manner as phytate P content
in the diet increased from 0.24 to 0.45% (Table 4). Phy-
tase supplementation reduced the AID of Ca in birds
fed 0.24% phytate P and increased the AID of Ca in
birds fed diets containing 0.345 or 0.45% phytate P,
with a greater effect of phytase dose in birds fed 0.45%
phytate P (+22 percentage points) compared with birds
fed diets containing 0.345% phytate P (+2 percentage
points). Phytase was predicted to increase the AID of
P by ∼18, 25, and 32 percentage points as phytase
dose increased, regardless of the phytate P content of
the diet.

Equations to predict the effect of increasing dietary
phytate P and log doses of phytase on the digestible in-
take of amino acids, Ca, and P are presented in Table 5.
There was a phytate P × log dose of phytase interaction
(P < 0.05) on the digestible intake all measured amino
acids and Ca and P, with differences in the magnitude
and linear or non-linear responses to phytate P or
phytase for each amino acid or mineral. In the absence
of phytase, the predicted digestible intake of methio-
nine, tryptophan, glycine, or methionine + cysteine
decreased in a non-linear manner by 10 to 90 mg/D as
the phytate P content of the diet increased from 0.24%
to 0.345 or 0.45%. Supplementing phytase influenced
the digestible intake of methionine (Figure 1b), tryp-
tophan, glycine (Figure 3b), or methionine + cysteine
in a non-linear-log manner, with no or minimal effects
of phytase dose >500 FTU/kg (log dose 2.699) on
digestible amino acid intake in birds fed diets contain-
ing 0.24 or 0.45% phytate P and a log-linear increase
in digestible intake of amino acids in birds fed diets
containing 0.345% phytate P (Table 6). In the absence
of phytase, the predicted digestible intake of cysteine
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Figure 1. Predicted effect of graded concentrations of phytate P (x) and log doses of phytase (v) on methionine digestibility in 21-day-old
broilers. (a) Apparent ileal methionine digestibility (AID) was predicted with the equation: y = 128 − 290x + 402x2 − 5.4v − 2.11v2 + 76.9xv −
1334x2v + 5.12xv2, adjusted R2 = 0.93, RMSE = 0.60, P < 0.0001. In the absence of phytase, the AID of methionine was predicted to de-
crease in a non-linear manner from 88.2, 83.7, or 83.1% in birds fed diet containing 0.24, 0.345, or 0.45% phytate P, respectively. However,
the inclusion of phytase at 1,062 FTU/kg (log dose 3.026), maximized the AID of methionine in broilers fed diets containing 0.24% phytate
P, resulting in a non-linear-log effect of phytase. Whereas phytase supplementation resulted in a log-linear increase in the AID of methio-
nine in birds fed 0.345 or 0.45% phytate P and the maximum was not predicted. (b) Apparent digestible methionine intake was predicted
with the equation: y = −0.38 + 3.82x− 6.62x2 + 0.97v − 0.24v2 − 5.98xv + 9.39x2v + 1.5xv2 − 2.31x2v2, adjusted R2 = 0.83, RMSE = 0.01,
P < 0.0001. In the absence of phytase, the digestible intake of methionine was predicted to decrease from 0.25, 0.20, or 0.21 g/D in a non-linear
manner as phytate P content of the diet increased from 0.24, 0.345, or 0.45%, respectively. The inclusion of phytase 658 (log dose 2.818) or 598
FTU/kg (log dose 2.777) was predicted to maximize the digestible intake of methionine of birds fed diets containing 0.24 or 0.45% phytate P,
respectively, in a non-linear-log manner. Whereas, digestible methionine intake was predicted to increase in a log-linear manner as phytase dose
increased to > 2,000 FTU/kg (log dose 3.301) in birds fed diets containing 0.345% phytate P and the maximum digestible methionine intake
could not be predicted.

(Figure 2b) or serine decreased in a non-linear manner,
with a greater decrease in digestible amino acid intake
between birds fed 0.24 or 0.345% phytate P when
compared with those fed 0.24 or 0.45%. However, in
the presence of phytase, digestible cysteine intake was
predicted to increase in a log-linear manner in birds fed
diets containing 0.24 or 0.345% phytate P, and the max-
imum cysteine intake could not be determined at phy-
tase dose >2,000 FTU/kg (log dose 3.301). Whereas,
in birds fed 0.45% phytate, the phytase dose predicted
to maximize digestible cysteine intake was 579 FTU/kg

(log dose 2.763), resulting in a non-linear-log influence
of phytase dose on digestible cysteine intake. In the
birds fed diets containing 0.345 or 0.45% phytate P,
digestible serine intake was predicted to increase as
phytase dose increased to 1,660 (log dose 3.22) or 296
(log dose 2.472) FTU/kg, respectively, in a non-linear-
log manner; whereas, there was no effect of phytase on
serine intake in birds fed 0.24% phytate P. In general,
the digestible intake of threonine, valine, isoleucine,
leucine, phenylalanine, lysine, histidine, arginine,
aspartic acid, glutamic acid, proline, alanine, or
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Figure 2. Predicted effect of graded concentrations of phytate P (x) and log doses of phytase (v) on cysteine digestibility in 21-day-old broilers.
(a) Apparent ileal cysteine digestibility (AID) was predicted with the equation: y = 151 − 506x + 599x2 − 23.5v + 166xv − 219x2v, adjusted
R2 = 0.93, RMSE = 1.68, P < 0.0001. In the absence of phytase, the AID of cysteine was predicted to decrease in a non-linear manner from
70.8, 61.3, or 56.7% in birds fed diet containing 0.24, 0.345, or 0.45% phytate P, respectively. However, the inclusion of phytase was predicted to
increase the AID of cysteine in a log-linear manner and the maximum AID of cysteine could not be calculated at phytase dose > 2,000 FTU/kg
(log dose 3.301), regardless of the phytate P content of the diet. (b) Apparent digestible cysteine intake (g/D) was predicted with the equation:
y = 0.88 − 4.15x + 4.8x2 − 0.32v + 0.025v2 + 1.74xv − 1.78x2v − 0.097xv2, adjusted R2 = 0.93, RMSE = 0.01, P < 0.0001. In the absence
of phytase, the digestible intake of cysteine was predicted to decrease in a non-linear manner from 0.16, 0.11, or 0.10 g/D in birds fed diets
containing 0.24, 0.345, or 0.45% phytate P, respectively. However, in the presence of phytase, digestible cysteine intake was predicted to increase
in a log-linear manner in birds fed diets containing 0.24 or 0.345% phytate P, and the maximum cysteine intake could not be determined at
phytase dose > 2,000 FTU/kg (log dose 3.301). Whereas, in birds fed 0.45% phytate, the phytase dose predicted to maximize digestible cysteine
intake was 579 FTU/kg (log dose 2.763), resulting in a non-linear-log influence of phytase dose on digestible cysteine intake.

tyrosine were decreased in a non-linear manner as phy-
tate P content in the diet increased from 0.24 to 0.45%.
Phytase supplementation was predicted to increase
the digestible intake of all amino acids in a log-linear
manner in birds fed diets containing 0.345% phytate P,
but had no effect on the digestible intake of amino acids
in birds fed diets containing 0.24 or 0.45% phytate P.
Digestible Ca intake was predicted to decrease in a non-
linear manner as phytate P content in the diet increased
from 0.24 to 0.45%, with the greatest decrease in di-
gestible Ca intake in birds fed diets containing 0.45%
phytate P compared with those fed 0.24 or 0.345%

phytate P. Phytase supplementation was predicted to
influence digestible Ca intake in a non-linear-log man-
ner, with a decrease or no effect of increasing phytase
dose on digestible Ca intake in birds fed diets containing
0.24 or 0.345% phytate P and an increase in digestible
Ca intake in birds fed diets containing 0.45% phytate P
(Table 6). Finally, Digestible P intake was predicted
to increase in a log-linear manner as both phytate P
content and phytase dose increased in the diet, with
the greatest digestible P intake predicted in birds fed
diets containing 0.45% phytate P and 2,000 FTU/kg
(Table 6).
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Figure 3. Predicted effect of graded concentrations of phytate P (x) and log doses of phytase (v) on glycine digestibility in 21-day-old broilers.
(a) Apparent ileal glycine digestibility (AID) was predicted with the equation: y = 315 − 1613x + 2426x2 − 171v + 30.7v2 + 1176xv −
1842x2v − 211xv2 + 336x2v2, adjusted R2 = 0.88, RMSE = 1.46, P < 0.0001. In the absence of phytase, the AID of glycine was predicted
to decrease in a non-linear manner from 75.3, 68.1, or 66.8% in birds fed diet containing 0.24, 0.345, or 0.45% phytate P, respectively. However,
the inclusion of phytase at > 2,000 FTU/kg (log dose 3.301) was predicted to increase the AID of glycine in a non-linear-log manner, regardless
of the phytate P content of the diet, and the maximum could not be predicted. (b) Apparent digestible glycine intake (g/D) was predicted with
the question: y = 2.35 − 12.8x + 17.9x2 − 1.17v + 0.17v2 + 7.8xv − 11.2x2v − 1.17xv2 + 1.67x2v2, adjusted R2 = 0.84, RMSE = 0.01, P <
0.0001. In the absence of phytase, the digestible intake of glycine was predicted to decrease in a non-linear manner from 0.38, 0.31, or 0.32 g/D
in birds fed diets containing 0.24, 0.345, or 0.45% phytate P, respectively. The inclusion of phytase was predicted to increase the digestible intake
of glycine in a non-linear-log manner, with 618 (log dose 2.791), 1,416 (log dose 3.151), or 724 FTU/kg (log dose 2.86) of phytase predicted to
maximize the digestible intake of glycine in birds fed diets containing 0.24, 0.345, or 0.45% phytate P, respectively.

DISCUSSION

Prediction equations were used in the current exper-
iment to determine the relationship between increas-
ing dietary phytate P concentrations and varying doses
of phytase on the AID and digestible intake of amino
acids, Ca, and P. It was hypothesized that increas-
ing doses of exogenous phytase are required as dietary
phytate P content increases to result in nearly com-
plete phytate degradation and improvements in nutri-
ent utilization. Ravindran et al. (2006) reported in-
creasing dietary phytate P, from rice bran, significantly
reduced AID of amino acids. This in agreement with the

current results, with the greatest impact of increasing
dietary phytate P on the digestibility of amino acids
such as cysteine (minus 10 to 14 percentage units),
glycine (minus 7 to 9 percentage points), and threonine
(minus 7 to 8 percentage points). Threonine, glycine,
and cysteine make up a large proportion of endoge-
nous amino acid losses associated with dietary phytate
(Cowieson et al., 2008; Onyango et al., 2009), thereby
explaining the large negative influence of increasing di-
etary phytate on these amino acids. However, previous
authors have reported no effect of dietary phytate on
cysteine or methionine (Onyango et al., 2009). This is
contrary to the current results and may be indicative
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Table 5. Prediction equations of the effect of graded concentrations of phytate P (x) and log doses of phytase (v) on apparent
digestible nutrient intake of 21-day-old broilers.

Model

Nutrient Equation RMSE Adjusted R2 P-value

Thr y = 1.31 − 6.64x + 9.20x2 − 0.26v − 0.018v2 + 2.25xv − 3.23x2v 0.01 0.85 <0.0001
Val y = 1.58 − 8.16x + 11.4x2 − 0.35v − 0.025v2 + 3.09xv − 4.50x2v 0.01 0.88 <0.0001
Met y = −0.38 + 3.82x− 6.62x2 + 0.97v − 0.24v2 − 5.98xv + 9.39x2v + 1.5xv2 − 2.31x2v2 0.01 0.83 <0.0001
Iso y = 1.42 − 7.29x + 10.1x2 − 0.303v − 0.027v2 + 2.85xv − 4.14x2v 0.01 0.90 <0.0001
Leu y = 2.25 − 11.3x + 15.8x2 − 0.35v − 0.063v2 + 4.34xv − 6.35x2v 0.02 0.86 <0.0001
Phe y = 1.6 − 8.2x + 11.4x2 − 0.29v − 0.036v2 + 3.02xv − 4.41x2v 0.01 0.88 <0.0001
Lys y = 2.61 − 12.7x + 17.3x2 − 0.59v − 0.028v2 + 4.37xv − 6.09x2v 0.02 0.72 <0.0001
His y = 0.72 − 3.55x + 4.95x2 − 0.11v − 0.018v2 + 1.31xv − 1.92x2v 0.01 0.84 <0.0001
Arg y = 2.28 − 11.3x + 15.7x2 − 0.41v − 0.046v2 + 4.02xv − 5.79x2v 0.02 0.77 <0.0001
Cys y = 0.88 − 4.15x + 4.8x2 − 0.32v + 0.025v2 + 1.74xv − 1.78x2v − 0.097xv2 0.01 0.93 <0.0001
Trp y = 0.037 + 0.63x− 1.52x2 + 0.25v − 0.07v2 − 1.59xv + 2.72x2v + 0.42xv2 − 0.68x2v2 0.00 0.76 <0.0001
Met + Cys y = 0.58 − 0.81x− 1.11x2 + 0.58v − 0.20v2 − 3.8xv + 6.97x2v + 1.31xv2 − 2.17x2v2 0.01 0.90 <0.0001
Asp y = 3.3 − 17.1x + 23.7x2 − 0.61v − 0.065v2 + 6.12xv − 8.96x2v 0.03 0.91 <0.0001
Ser y = 2.36 − 11.5x + 14.4x2 − 0.71v + 0.038v2 + 4.29xv − 4.71x2v − 0.21xv2 0.01 0.88 <0.0001
Glu y = 5.46 − 27.8x + 38.6x2 − 0.88v − 0.135v2 + 10.1xv − 14.7x2v 0.05 0.88 <0.0001
Pro y = 1.50 − 7.14x + 9.68x2 − 0.26v − 0.031v2 + 2.69xv − 3.87x2v 0.02 0.87 <0.0001
Gly y = 2.35 − 12.8x + 17.9x2 − 1.17v + 0.17v2 + 7.8xv − 11.2x2v − 1.17xv2 + 1.67x2v2 0.01 0.84 <0.0001
Ala y = 1.36 − 6.78x + 9.49x2 − 0.21v − 0.033v2 + 2.43xv − 3.52x2v 0.01 0.79 <0.0001
Tyr y = 0.93 − 4.3x + 5.76x2 − 0.13v − 0.022v2 + 1.56xv − 2.25x2v 0.01 0.87 <0.0001
Ca y = 2.71 − 12.2x + 14.9x2 − 2.42v + 0.51v2 + 12.3xv − 15.9x2v − 2.67xv2 + 3.54x2v2 0.02 0.60 <0.0001
P y = 0.054 − 0.092x + 0.026v + 0.123xv 0.01 0.96 <0.0001

Table 6. Predicted effect of graded concentrations of phytate P and log doses of phytase on apparent digestible nutrient intake (g/D)
of 21-day-old broilers.1

0.24% phytate P 0.345% phytate P 0.45% phytate P
Phytate P
Phytase dose 50 500 1,000 2,000 50 500 1,000 2,000 50 500 1,000 2,000

Thr 0.35 0.36 0.36 0.35 0.28 0.33 0.34 0.34 0.29 0.31 0.31 0.30
Val 0.43 0.45 0.45 0.44 0.35 0.42 0.43 0.44 0.36 0.38 0.38 0.37
Met 0.25 0.26 0.26 0.26 0.20 0.24 0.25 0.26 0.21 0.25 0.25 0.24
Iso 0.41 0.43 0.43 0.42 0.34 0.41 0.42 0.42 0.34 0.36 0.35 0.34
Leu 0.81 0.85 0.84 0.82 0.70 0.81 0.82 0.82 0.70 0.74 0.72 0.70
Phe 0.50 0.52 0.51 0.50 0.42 0.49 0.49 0.49 0.42 0.44 0.43 0.42
Lys 0.67 0.66 0.64 0.62 0.55 0.62 0.63 0.63 0.58 0.60 0.59 0.58
His 0.26 0.27 0.27 0.26 0.22 0.26 0.26 0.26 0.23 0.24 0.23 0.23
Arg 0.72 0.73 0.72 0.70 0.61 0.69 0.70 0.70 0.63 0.65 0.64 0.62
Cys 0.16 0.16 0.16 0.16 0.11 0.14 0.15 0.15 0.10 0.13 0.12 0.12
Trp 0.12 0.12 0.12 0.12 0.10 0.11 0.11 0.11 0.11 0.12 0.11 0.11
Met + Cys 0.40 0.42 0.42 0.42 0.31 0.38 0.39 0.41 0.32 0.37 0.37 0.36
Asp 0.95 1.00 0.99 0.97 0.77 0.91 0.93 0.94 0.77 0.81 0.80 0.77
Ser 0.48 0.48 0.48 0.47 0.37 0.44 0.44 0.44 0.39 0.43 0.41 0.39
Glu 1.79 1.88 1.85 1.80 1.50 1.75 1.77 1.77 1.52 1.59 1.57 1.51
Pro 0.53 0.55 0.54 0.53 0.45 0.52 0.52 0.53 0.44 0.46 0.46 0.45
Gly 0.38 0.40 0.39 0.39 0.31 0.37 0.37 0.37 0.32 0.34 0.34 0.33
Ala 0.47 0.50 0.49 0.48 0.41 0.47 0.48 0.49 0.42 0.45 0.44 0.43
Tyr 0.35 0.37 0.37 0.36 0.30 0.34 0.34 0.34 0.29 0.30 0.30 0.29
Ca 0.19 0.15 0.17 0.20 0.17 0.17 0.17 0.18 0.11 0.13 0.15 0.17
P 0.12 0.18 0.20 0.21 0.14 0.20 0.23 0.25 0.15 0.23 0.25 0.28

1Means were determined using the equations from Table 5 and the log dose of phytase at 1.7, 2.7, 3.0, and 3.3 for 50, 500, 1,000, and 2,000 FTU/kg,
respectively.

of the amino acid deficiencies formulated into the ex-
perimental diets, the animals’ amino acid requirements,
type of phytate and basal diet, and the inhibitory im-
pact of dietary phytate on pepsin and trypsin activity
(Liu et al., 2009; Yu et al., 2012); thereby predicting
a large negative impact on the AID of essential amino
acids not always reported to be influenced by dietary
phytate.

Phytase supplementation significantly improved the
AID of all amino acids and this has been previously re-
ported in corn−soy−rice bran-based diets (Ravindran
et al., 2006). The dose of phytase employed to improve
the AID of amino acids and the magnitude of the re-
sponse to phytase, was dependent on the phytate P
content of the diet and the amino acid evaluated. In
diets containing 0.24% phytate P, the average uplift of
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phytase supplementation on the AID of amino acids was
+2 percentage points, achieved at 500 FTU/kg with a
+3 percentage points uplift as phytase dose increased
to 2,000 FTU/kg. However, in diets containing 0.345
or 0.45% phytate P, the initial 500 FTU/kg of phytase
increased the average AID of amino acids by +5 or +3
percentage points, respectively, and this was further in-
creased to +6 or +7 percentage points as phytase dose
increased to 2,000 FTU/kg. Greater responses were ob-
served for specific amino acids, such as +4 to 12 or
+2 to 8 percentage points for cysteine or glycine. Large
and significant beneficial effects of phytase supplemen-
tation on the AID of cysteine (Walk and Rama Rao,
2018) and glycine (Cowieson et al., 2017) have been
previously reported. The current results confirm greater
doses of phytase continue to result in increases in the
AID of amino acids as the dietary phytate P content in-
creases. However, the current results are contradictory
to those of Ravindran et al. (2006) who reported 750
to 1,000 FTU/kg was required to improve the AID of
amino acids in diets containing 0.28% phytate P and
no further benefits on the AID of amino acids were re-
ported by increasing phytase above 500 FTU/kg diets
containing 0.33 or 0.38% phytate P. The authors sug-
gested increasing the concentration of dietary phytate
promoted phytate−protein complex formation and re-
duced phytase activity. A challenge that may now be
overcome in high phytate diets with novel commercially
available phytases, reported to rapidly degrade phytate
at low pH where phytate is soluble (Menezes-Blackburn
et al., 2015).

Other factors to consider when comparing the re-
sults from Ravindran et al. (2006) to the current
results are factors that can influence the digestibility
response, such as the length of time the phytase was
fed (1-week vs. 3-weeks in the current trial; Babatunde
et al., 2019), oven drying of the digesta samples vs.
freeze drying (Lagos and Stein, 2018), total ileal di-
gesta collection vs. the distal half, and genetic changes
in broilers over the past 13 yr (Ten Doeschate et al.,
1993), particularly regarding voluntary feed intake. To
try and account for the influence of feed intake on the
AID of amino acids, the digestible amino acid intake
was calculated. Previous authors have reported a better
relationship between digestible amino acid intake and
BWG when compared with that of the AID of amino
acids and BWG (Walk and Olukosi, 2019). In the
current trial (and similar to the AID of amino acids),
increasing dietary phytate P from 0.24 to 0.345 and
0.45% reduced the digestible intake of amino acids in a
non-linear manner by an average of −91 to −84 mg/D,
respectively. The greatest impact of dietary phytate
P concentration on digestible amino acid intake was
noted in birds fed diets containing 0.345% phytate P.
This maybe an artifact of similar feed intake to that of
birds fed 0.24% phytate P and a significant reduction
in the AID of amino acids, whereas birds fed 0.45%
phytate P had a significant reduction in intake and
similar AID of amino acids to that of birds fed 0.345%
phytate P.

Phytase supplementation increased digestible amino
acid intake, particularly in birds fed diets containing
0.345% phytate P, with improvements of an average of
+86, 95, or 98 mg/D at 500, 1,000 or 2,000 FTU/kg, re-
spectively. However, phytase supplementation in birds
fed diets containing 0.45% phytate P could not over-
come the reduction of feed intake, even with the im-
provement in AID of amino acids, and increases in di-
gestible amino acid intake were only apparent up to
500 FTU/kg. Until more information becomes available
for the use of digestible amino acid intake as a response
variable, comparisons with previous data and conclu-
sions on the current results are difficult to make. How-
ever, pairwise correlations between BWG from hatch to
day 21 and the AID of a few amino acids, such as lysine
(r = 0.53, < 0.0001), methionine + cysteine (r = 0.60,
P < 0.0001), or glycine (r = 0.57, P < 0.0001) or the
digestible intake of lysine (r = 0.66, P < 0.0001), me-
thionine + cysteine (r = 0.75, P < 0.0001), or glycine
(r = 0.75, P < 0.0001) support a better relationship
between digestible intake and BWG and this has been
previously reported (Walk and Olukosi, 2019). Growth
performance data from the current trial is presented in a
companion paper (Walk and Rama Rao, unpublished).

Finally, due to the use of oven drying, the AID of
amino acids reported in the current experiment may
be greater than that if the samples were freeze dried
(Lagos and Stein, 2018). However, in the current exper-
iment, the digesta samples were all exposed to the same
drying conditions and any denaturation of amino acids,
particularly lysine, arginine, or alanine would have oc-
curred equally between the experimental diets. There-
fore, the effect of phytase or phytate P on the AID of
amino acids can still be described as reported because
the magnitude of the response to phytase or phytate
P would be the same regardless of the drying condi-
tions. The absolute amino acid digestibility coefficients
obtained from any experiment are an estimate of the
average amino acid digestibility over the duration of
the trial and obtained as a point in time measurement.
The most important factor in the current trial is the
relative effect of phytase or phytate P on the AID of
amino acids and Ca and P, information that is further
supported by growth performance, phytate and phytate
ester degradation, and bone ash (Walk and Rama Rao,
unpublished).

In conclusion, prediction equations can be a method
to determine the influence of- and interactions-between
increasing dietary phytate P and varying phytases doses
on AID and digestible nutrient intake of amino acids,
Ca, and P. Dietary phytate P, particularly at concen-
trations greater than 0.24%, significantly reduced AID
and digestible intake of amino acids. Phytase supple-
mentation improved the AID of amino acids and greater
concentrations of phytase continued to improve AID of
amino acids in birds fed diets containing higher levels of
phytate. Digestible amino acid intake is strongly corre-
lated with BWG and may be a good response variable
to include in future trials evaluating the influence of en-
zymes on broiler performance and nutrient digestibility.
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