
  INTRODUCTION 
  Microbial phytases have been widely used in poultry 

feeds as a means of improving dietary P availability and 
reducing P excretion in manure. The effect of microbial 
phytases on phytate degradation and subsequent im-
provements in P utilization in poultry diets has been 
well documented (Selle and Ravindran, 2007). Several 
studies have also shown that dietary additions of micro-

bial phytase to poultry diets enhanced the utilization 
of nutrients other than P, including energy and amino 
acids (AA; Ravindran et al., 1999; Selle et al., 2000; 
Selle and Ravindran, 2007). However, the magnitude 
of response has not been consistent in all studies, and 
factors contributing to the variability in energy and AA 
digestibility improvements in response to supplemental 
phytase have not been delineated (Selle and Ravindran, 
2007). Potential factors that have been reported to con-
tribute to the variation in response have included the 
concentration of the substrate for the enzyme (phytate) 
in the diet, the level of added phytase, the intrinsic 
properties of the phytase enzyme used, source of phy-
tase, and feed particle size (Ravindran et al., 2006; Am-
erah and Ravindran, 2009; Selle et al., 2009). Another 
factor that may have contributed to the inconsistent re-
sults in the literature was the formation of Ca-phytate 
complexes that were not susceptible to degradation by 
phytase (Angel et al., 2002; Selle et al., 2009). 
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  ABSTRACT   This study investigated the effect of di-
etary Ca to available P (AvP) ratio and phytase sup-
plementation on bone ash, ileal phytate degradation, 
and nutrient digestibility in broilers fed corn-based di-
ets. The experimental design was a 4 × 2 factorial ar-
rangement of treatments evaluating 4 Ca:AvP ratios 
(1.43, 2.14, 2.86, and 3.57) and 2 levels of phytase (0 
and 1,000 phytase units/kg of feed). The 4 Ca:AvP ra-
tios were achieved by formulating all diets to a constant 
AvP level of 0.28% and varying Ca levels (0.4, 0.6, 0.8, 
and 1.0%). Each treatment was fed to 6 cages of 8 male 
Ross 308 broilers from 5 to 21 d. At 21 d, digesta from 
the terminal ileum was collected and analyzed for ener-
gy, phytate, P, Ca, and amino acids (AA) to determine 
digestibility. Digesta pH was measured in each segment 
(crop, gizzard, duodenum, and ileum) of the digestive 
tract. Data were analyzed by 2-way analysis of covari-
ance. There was a significant interaction between di-
etary Ca:AvP ratio and phytase supplementation for 
weight gain (WG), feed intake (FI), and feed conversion 

ratio (FCR). In diets with no phytase, Ca:AvP ratio 
had a greater effect on WG, FI, and FCR compared 
with those fed diets without phytase. The orthogonal 
polynomial contrasts showed that the increase in di-
etary Ca:AvP ratio significantly decreased WG and 
FI in a quadratic manner, whereas FCR increased (P
< 0.05) linearly with higher dietary Ca:AvP ratio. In-
creasing dietary Ca:AvP ratio led to a significant qua-
dratic decrease in phytate degradation and significant 
linear decreases in P digestibility and bone ash. Phy-
tase addition increased (P < 0.05) phytate degradation 
and improved (P < 0.05) energy, AA, and P digest-
ibility at all levels of Ca:AvP with no interaction (P
> 0.05) between the main factors. Digestibility of AA 
was positively correlated (P < 0.05) with the degree of 
phytate degradation. Increasing dietary Ca:AvP ratio 
significantly increased gizzard pH in a linear manner. 
In conclusion, phytase (1,000 phytase units/kg of feed) 
improved phytate, and P and AA digestibility at all 
Ca:AvP ratios evaluated in this study. 
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The ability of phytase enzymes to hydrolyze phytate 
has been shown to be negatively affected by high levels 
of dietary Ca or a high ratio of Ca:AvP (Qian et al., 
1997). As Ca-phytate complexes were formed at pH 
≥5 (Selle et al., 2009), similar to the conditions in the 
small intestine, rapid phytate degradation in the proxi-
mal gut where the digesta was more acidic (gizzard + 
proventriculus) using phytase enzymes has been pro-
posed to mitigate the negative effect of Ca on phytate 
degradation and increase nutrient availability for the 
bird. However, phytases have been suggested to vary 
in their pH optima with efficiency and speed of hydro-
lyzing phytate depending on their source (Tran et al., 
2011). Therefore, the objectives of this study were to 
examine the interactions of dietary Ca:AvP ratio and 
addition of a bacterial phytase isolated from Buttiaux-
ella spp. on ileal phytate degradation, Ca, P, and AA 
digestibility in broiler chickens.

MATERIALS AND METHODS

Birds and Housing
Experimental procedures were conducted in accor-

dance with the University of Queensland Animal Eth-
ics Committee guidelines and model code of practice 
for welfare of animals. A total of 384 one-day-old male 
Ross 308 broiler chickens were obtained from a com-
mercial hatchery. One-day-old chickens were selected 
according to mean BW and 8 chickens of 42 ± 3 g were 
allocated to each of 48 digestibility cages housed in an 
environmentally controlled room. Feed and water for 
ad libitum consumption was offered during the trial pe-
riod. Brooding temperature was maintained at 31°C for 
the first 7 d then gradually reduced to 27°C at the end 
of the 3-wk experimental period. The broiler chickens 
in this trial were on 23 h light with a minimum light 
intensity of 20 lx and 1 h dark per day. The lighting 
program and the environment in the house were con-
trolled by timers and temperature sensors, respectively. 
All chickens were vaccinated against infectious bronchi-
tis at the hatchery. Body weight and feed intake (FI) 
were recorded by cage at 5 and 21 d of age. Mortality 
was recorded daily. Any bird that died was weighed and 
feed conversion ratio (FCR) values were calculated by 
dividing total feed intake by weight gain (WG) of live 
plus dead birds.

Diets and Treatments
From 1 to 5 d, all birds in the experiment received 

a commercial broiler starter diet. The experimental di-
ets were offered from 5 to 21 d of age and were based 
mainly on corn and soybean meal (Table 1). Diets were 
formulated to be similar to commercial diets fed to the 
Ross 308 strain of broiler, except Ca and P. This study 
had 8 experimental diets. Four basal diets were formu-
lated with different Ca:AvP ratios (1.43, 2.14, 2.86, and 

3.57), and each basal diet was then divided into 2 equal 
parts. One part was supplemented with phytase, and 
the other part remained unsupplemented. The phytase 
(Axtra PHY, Danisco Animal Nutrition, Marlborough, 
UK) was added to provide 1,000 phytase units (FTU)/
kg of feed. Celite, a source of acid-insoluble ash (AIA), 
was added at 0.2% to all experimental diets as an indi-
gestible marker to determine nutrient digestibility.

Measurements
At 21 d of age, all birds in each group were eutha-

nized by cervical dislocation. The ileum was then im-
mediately excised and divided into 2 parts, the ante-
rior and posterior ileum. The ileum was defined as the 
portion of the small intestine extending from Meckel’s 
diverticulum to a point 40 mm proximal to the ileo-
cecal junction. Contents of the posterior ileum were 
collected by gently flushing with distilled water into 
plastic containers. Digesta were pooled within a cage, 
lyophilized, ground to pass through a 0.5-mm screen 
size, and stored at −20°C until analyzed for gross en-
ergy, nitrogen, Ca, P, phytate, and AA. At 21 d of age, 
pH of the contents of the crop, gizzard, duodenum, and 
ileum was also measured using an Alpha pH test meter 
(Coral Cay Health, Surfers Paradise, Queensland, Aus-
tralia) and the left tibia from each bird was collected 
for bone ash analysis.

Chemical Analysis
Gross energy was determined from the temperature 

increase when the sample was ignited in an oxygen-rich 
atmosphere in a bomb calorimeter (Leco AC600, NSW, 
Australia). Nitrogen was determined by the AOAC 
method 990.03 (AOAC, 1990) where the sample was 
ignited in an oxygen atmosphere and the nitrogen de-
termined in the gas stream by a thermal conductivity 
meter after stripping out the oxygen and replacing it 
with helium. Calcium and total P in both feed and ileal 
samples were determined by ICP-OES method 2011.14 
(AOAC, 1990) analysis following microwave-assisted 
acid digestion. The AA analysis was performed using 
6 M HCl liquid hydrolysis with AA quantitation by 
AccQTag derivatization (Waters Corporation, Milford, 
MA) and reversed-phase ultra-performance liquid chro-
matography analysis (Cohen and DeAntonis, 1994). 
Left tibia bones were autoclaved for 30 min, and the 
adhering tissue was removed mechanically. The clean 
bones were dried in an oven at 100°C for 24 h, and dried 
bones were ground. According to AOAC method 942.05 
(AOAC, 1990), 2 g of ground bone sample was ashed 
at 600°C using a thermo gravimetric analyzer. Calcium 
and P contents of tibia ash were analyzed by the ICP-
OES method 2011.14 (AOAC, 1990). Phytate in both 
feed and ileal samples was extracted by the method 
described by Latta and Eskin (1980) and determined 
by ICP-AES. Acid insoluble ash was determined by 
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AOAC method 975.12 (AOAC, 1990) by boiling ash in 
25 mL of HCl for 5 min, collecting insoluble matter on 
an ashless filter, washing with hot water until washings 
are acid-free, igniting until chloride-free, cooling, and 
weighing the sample.

Calculations
The apparent ileal nutrient digestibility/absorption 

coefficients were calculated by the following formula us-
ing AIA as the indigestible marker (Ravindran et al., 
2006):

apparent nutrient digestibility % = {[(NT/AIA)d  

− (NT/AIA)i]/(NT/AIA)d} × 100,

where (NT/AIA)d = ratio of nutrient and AIA diet, 
and (NT/AIA)i = ratio of nutrient and AIA in ileal 
digesta.

Data Analysis
Data were analyzed by 2-way analysis of covariance 

using the GLM procedure of SAS Institute Inc. (2004, 
Cary, NC) using cage mean as an experimental unit. A 
probability value of P < 0.05 was described to be sta-
tistically significant. Orthogonal polynomial contrasts 
were used to assess the significance of linear or qua-
dratic models to describe the response in the dependent 
variable to Ca:AvP level with or without added phy-
tase using the PROC MIXED procedure of SAS.

RESULTS

Diet Analysis

Analyzed dietary Ca, P, and phytate P are shown 
in Table 1. The analyzed dietary phytate P level was 
higher than calculated values, which can be explained 
by higher phytate P values than expected in the feed 
ingredients used. The analyzed phytate P values for 
corn and soybean meal were 0.27 and 0.61%, respec-
tively. The calculated values for phytate P for corn and 
soybean meal were 0.18 and 0.42%, respectively. Phy-
tase recovery was below target but within an accept-
able range (mean 831 FTU/kg of diet). Analyzed Ca 
was also slightly higher and analyzed P slightly lower 
than formulated values and would have increased the 
ratio of Ca:AvP slightly above formulated values.

Bird Performance

Effects of dietary Ca:AvP ratio and phytase supple-
mentation on WG (Figure 1), FI, and FCR are sum-
marized in Table 2. There was a significant interaction 
between dietary Ca:AvP ratio and phytase supplemen-
tation for WG, FI, and FCR. In diets with no phytase, 
Ca:AvP ratio had a greater effect on WG, FI, and FCR 
compared with those fed diets without phytase. The or-
thogonal polynomial contrasts showed that the increase 
in dietary Ca:AvP ratio significantly decreased WG 
and FI in a quadratic manner, whereas FCR increased 
(P < 0.05) linearly with higher dietary Ca:AvP ratio.

Table 1. Composition and calculated analysis (g/100 g as fed) of the basal diet1 

Item

Formulated Ca:available P ratio

1.43 2.14 2.86 3.57

Ingredient
 Corn 62.36 61.33 60.29 59.25
 Soybean meal 48% CP 34.03 34.21 34.40 34.58
 Soybean oil 0.68 1.01 1.34 1.66
 dl-Methionine 0.31 0.31 0.31 0.31
 l-Threonine 0.12 0.12 0.12 0.12
 l-Lysine HCl 0.30 0.30 0.29 0.29
 Salt 0.32 0.33 0.33 0.33
 Limestone 0.30 0.83 1.35 1.87
 Dicalcium phosphate 0.98 0.98 0.98 0.98
 Vitamin and trace mineral premix1 0.30 0.30 0.30 0.30
 Indigestible marker 0.20 0.20 0.20 0.20
Calculated analysis     
 CP 22.00 22.00 22.00 22.00
 ME, kcal/kg 2,990 2,990 2,990 2,990
 Total P 0.55 0.55 0.55 0.55
 Available P 0.28 0.28 0.28 0.28
 Ca 0.40 0.60 0.80 1.00
 Digestible lysine 1.24 1.24 1.24 1.24
 Digestible methionine + cysteine 0.87 0.87 0.87 0.87
Analyzed value     
 Ca 0.51 0.68 0.91 1.30
 Total P 0.51 0.51 0.51 0.51
 Phytate P 0.32 0.32 0.32 0.32

1Supplied per kilogram of diet: antioxidant, 50 mg; biotin, 0.2 mg; calcium pantothenate, 12 mg; cholecalciferol, 
60 μg; cyanocobalamin, 0.017 mg; folic acid, 5.2 mg; menadione, 4 mg; niacin, 50 mg; pyridoxine, 10 mg; trans-
retinol, 3.33 mg; riboflavin, 12 mg; thiamine, 3.0 mg; dl-α-tocopheryl acetate, 40 mg; choline chloride, 638 mg; 
Co, 0.3 mg; Cu, 3 mg; Fe, 25 mg; I, 1 mg; Mn, 125 mg; Mo, 0.5 mg; Se, 200 μg; Zn, 60 mg.
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Figure 1. Regression of weight gain in broilers fed diets containing different Ca:available P (AvP) ratios, in the presence and absence of a 
supplementary microbial phytase from Buttiauxella. RMSE = root mean square error; FTU = phytase units.

Table 2. Effect of varying dietary Ca:available P (AvP) ratios and microbial phytase on the weight 
gain (g/bird), feed intake (g/bird), and feed conversion ratio (g/g) in broilers fed a corn/soy-based 
diet (5–21 d posthatch)1 

Item
Phytase  

(FTU/kg)
Weight  
gain

Feed  
intake

Feed  
conversion  

ratio

Ca:AvP ratio
 1.43 0 614 819 1.337
 2.14 0 589 791 1.345
 2.86 0 500 687 1.375
 3.57 0 404 596 1.482
 1.43 1,000 679 862 1.269
 2.14 1,000 688 877 1.274
 2.86 1,000 650 854 1.316
 3.57 1,000 607 745 1.234
 SEM2  9.0 24 0.04
Main effect     
 Ca:AvP ratio     
  1.43  646 841 1.303
  2.14  639 834 1.309
  2.86  575 770 1.345
  3.57  496 670 1.358
 Phytase (FTU/kg)    
  0  527 723 1.384
  1,000  658 834 1.273
P ≤     
 Ca:AvP  <0.0001 <0.0001 0.1164
 Phytase  <0.0001 <0.0001 0.0003
 Ca:AvP × phytase  <0.0001 0.0176 0.0406
 Ca:AvP (linear)3  <0.0001 <0.0001 <0.0001
 Ca:AvP (quadratic)3  0.0077 0.0141 0.1088

1Each value represents the mean of 6 replicates (8 birds per replicate). FTU = phytase units.
2Pooled SEM.
3Orthogonal polynomial contrasts were used to assess the significance of linear or quadratic models to describe 

the response in the dependent variable to Ca:AvP level with or without added phytase.
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Energy, Phytate, P, and Ca Digestibility
The effects of dietary Ca:AvP ratios and microbial 

phytase on bone ash, energy, phytate, P, and Ca digest-
ibility are summarized in Table 3. Phytase supplemen-
tation increased (P < 0.05) phytate degradation, en-
ergy digestibility, and P digestibility. Dietary Ca:AvP 
ratio had no effect (P > 0.05) on energy digestibility 
but significantly influenced phytate degradation and 
P digestibility. Phytase supplementation and dietary 
Ca:AvP ratio had no effect (P > 0.05) on Ca digest-
ibility. There was no significant interaction between di-
etary Ca:AvP ratio and phytase supplementation on 
phytate degradation, energy, P, and Ca digestibility. 
However, there was a significant interaction between 
dietary Ca:AvP ratio and phytase supplementation for 
bone ash. Increasing the dietary Ca:AvP ratio in the 
absence of phytase reduced bone ash; conversely, in the 
presence of phytase, bone ash was increased at higher 
Ca:AvP ratios. Increasing dietary Ca:AvP ratio led to 
a significant quadratic decrease in phytate degradation 
and significant linear decreases in P digestibility and 
bone ash.

AA Digestibility
The effects of dietary Ca:AvP ratio and phytase 

supplementation on individual AA are summarized in 

Table 4. Phytase supplementation improved (P < 0.05) 
digestibility of all AA. Dietary Ca:AvP ratio influenced 
(P < 0.05) digestibility of all AA apart from Arg, Gly, 
Tyr, Val, and Cys. Increasing dietary Ca:AvP ratio 
reduced (P < 0.05) AA digestibility in a linear man-
ner. Mean AA digestibility was improved (P < 0.05) by 
phytase supplementation (Figure 2).

Regression for AA Digestibility
The AA digestibility significantly increased in a cur-

vilinear manner with increasing phytate degradation (y 
= −0.0031x2 + 0.4942x + 64.667, R2 = 0.74, P < 0.05), 
Figure 3.

Gastrointestinal pH
The effect of dietary Ca:AvP ratio and microbial 

phytase supplementation on gastrointestinal pH is sum-
marized in Table 5. Diets receiving phytase exhibited 
a significant increase in gizzard and ileum pH. The 
Ca:AvP ratio only influenced (P < 0.05) the pH of 
gizzard digesta. Increasing dietary Ca:AvP ratio signifi-
cantly increased gizzard pH in a linear manner. There 
was no effect (P > 0.05) of dietary Ca:AvP ratio on the 
pH of the other regions of the gastrointestinal tract: 
crop, duodenum, and ileum. There was a significant 
interaction between dietary Ca:AvP ratio and phytase 

Table 3. Effect of varying dietary Ca:available P (AvP) ratios and microbial phytase on energy digestibility (%), phytate degradation 
(%), Ca and P digestibility (%), and bone ash (%) of broilers fed a corn/soy-based diet1 

Item
Phytase  

(FTU/kg)

Gross energy  
digestibility  

(%)

Phytate  
degradation  

(%)

Ca  
digestibility  

(%)

P  
digestibility  

(%)

Bone  
ash  
(%)

Ca:AvP ratio
 1.43 0 67.4 51.4 53.8 61.5 43.9
 2.14 0 64.6 40.4 50.4 52.5 41.1
 2.86 0 66.8 43.7 54.9 55.3 39.3
 3.57 0 65.8 39.8 61.8 51.2 38.0
 1.43 1,000 74.6 88.4 56.1 80.4 45.1
 2.14 1,000 74.1 75.2 40.7 72.4 47.6
 2.86 1,000 69.7 76.2 49.3 67.6 48.6
 3.57 1,000 73.9 75.9 58.6 67.6 46.8
 SEM2  1.5 2.6 3.7 2.2 0.7
Main effect       
 Ca:AvP ratio       
  1.43  71.0 69.9 55.0 71.0 44.5
  2.14  69.4 57.8 45.6 62.5 44.4
  2.86  68.3 59.9 52.1 61.5 43.9
  3.57  69.9 57.9 60.2 59.2 42.4
 Phytase (FTU/kg)      
  0  66.2b 43.8b 55.2 55.1b 40.6
  1,000  73.1a 78.9a 51.2 71.9a 47.0
P-value       
 Ca:AvP  0.3795 0.0006 0.0932 <0.0001 0.005
 Phytase  <0.0001 <0.0001 0.1676 <0.0001 <0.0001
 Ca:AvP × phytase  0.6935 0.7821 0.6362 0.2759 <0.0001
 Ca:AvP (linear)3  0.3691 0.0003 0.0613 <0.0001 0.0268
 Ca:AvP (quadratic)3  0.1514 0.0059 0.0016 0.0568 0.2950

a,bMeans in a column not sharing a common superscript are different (P < 0.05).
1Each value represents the mean of 6 replicates (8 birds per replicate). FTU = phytase units.
2Pooled SEM.
3Orthogonal polynomial contrasts were used to assess the significance of linear or quadratic models to describe the response in the dependent vari-

able to Ca:AvP level with or without added phytase.
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supplementation on duodenal pH whereby in the ab-
sence of phytase an increase in dietary Ca:AvP ratio 
did not have an effect on duodenal pH; conversely, in 
the presence of phytase an increase in dietary Ca:AvP 
resulted in an increase in duodenal pH.

DISCUSSION
In the current study phytase supplementation im-

proved WG at all Ca:AvP ratios. The detrimental effect 
on WG from increasing Ca:AvP ratios was greater in 

the unsupplemented diets, compared with the phytase-
supplemented diets, as noted by the significant interac-
tion between dietary Ca:AvP ratio and phytase supple-
mentation. This can likely be attributed to diets with 
no phytase being more P deficient, and a negative effect 
of Ca on Phytate P utilization. Tamim et al. (2004) 
showed that in the absence of dietary Ca, broilers were 
able to use 69.2% of phytate P by the terminal ileum. 
However, this was reduced to 25.4% when Ca levels 
were increased to 0.5%. Phytase supplementation miti-
gated the negative effect of increasing Ca:AvP ratio on 

Figure 2. Regression of mean amino acid (AA) digestibility in broilers fed diets containing different Ca:available P (AvP) ratios, in the pres-
ence and absence of a supplementary microbial phytase from Buttiauxella. FTU = phytase units, RMSE = root mean square error.

Figure 3. Regression of phytate degradation and mean amino acid digestibility in broilers fed diets containing different Ca:available P (AvP) 
ratios, in the presence and absence of a supplementary microbial phytase from Buttiauxella.
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FI and FCR at all dietary Ca:AvP ratios. These data 
may be explained by the higher nutrient digestibility 
observed in this study when the diets were supplement-
ed with phytase. Improved broiler performance with 
the addition of phytase to low P diets is to be expected 
(Selle and Ravindran, 2007). In contrast, Powell et al. 
(2011) reported improved WG and FI with no effect 
on FCR when the diet was supplemented phytase. In-
creasing Ca:AvP ratio reduced FI in the current study, 
which is in agreement with previous reports (Powell et 
al., 2011; Delezie et al., 2012).

In the current study, increasing the Ca:AvP ratio re-
duced phytate degradation quadratically and P digest-
ibility linearly. One phytate molecule can bind up to 
5 Ca atoms and the extent of this complex formation 
has been reported to be driven by gut pH and molar 
ratios of the 2 components (Selle et al., 2009). Previous 
reports have shown that the degree of phytate degra-
dation was highly dependent on the dietary Ca level 
(Tamim et al., 2004; Plumstead et al., 2008; Selle et 
al., 2009). Plumstead et al. (2008) reported a linear 
reduction in ileal phytate P degradation by 71%, when 
increasing dietary Ca level from 4.7 to 11.6 g/kg in 
broiler diets. Similar results were reported by Tamim 
et al. (2004) in both in vitro and in vivo studies. These 
researchers found that dietary Ca at a level as low as 
0.1% reduced phytate-P hydrolysis at pH 6.5 in vitro. 
This effect has been proven in vivo by adding Ca at a 

level of 0.5% to the diet, which resulted in a reduction 
of phytate-P disappearance from 69.2 to 25.4%. The 
negative effects of high levels of Ca on phytate degrada-
tion and P digestibility may be explained by the forma-
tion of Ca-Phytate complexes and the increase in the 
pH of the proximal digestive tract (Selle et al., 2009). 
The reason for the quadratic response to phytate deg-
radation in this study is not clear, but may be due to 
saturation of the phytate binding sites with Ca ions, in 
which case increasing Ca concentration further would 
have no additional effect.

Phytase supplementation increased phytate degrada-
tion and improved P digestibility at all Ca:AvP ratios. 
In contrast to the findings of the current study, other 
studies have shown that phytase effects on P retention 
were reduced at higher than optimal Ca:P ratios (Qian 
et al. 1997). These researchers suggested that the extra 
Ca may directly suppress phytase activity by compet-
ing for the active sites of the enzymes. The inconsistent 
results of these data compared with that reported pre-
viously in the literature may be explained, partly, by 
the differences in Ca:AvP ratios tested, phytase level 
used, and differences in the characteristics of the phy-
tase enzymes used. The source of phytase used in these 
earlier studies was of fungal origin with a higher pH 
optimum, which may be more prone to Ca inhibition. 
In their review, Selle et al. (2009) hypothesized that 
as Ca-phytate complexes were mainly formed in the 

Table 5. Effect of varying dietary Ca:available P (AvP) ratios and microbial phytase on pH of the 
gastrointestinal tract in broilers fed a corn/soy-based diet1 

Item
Phytase  

(FTU/kg)
Crop  
pH

Gizzard  
pH

Duodenum  
pH

Ileum  
pH

Ca:AvP ratio
 1.43 0 4.5 2.8 5.9 5.5
 2.14 0 4.3 3.2 6.0 5.2
 2.86 0 4.8 3.2 5.9 5.3
 3.57 0 4.5 3.3 5.7 5.4
 1.43 1,000 4.7 2.5 5.7 6.4
 2.14 1,000 4.7 2.4 5.7 6.4
 2.86 1,000 4.8 2.4 5.6 6.7
 3.57 1,000 4.9 3.2 5.9 6.2
SEM2  0.2 0.2 0.1 0.2
Main effect      
Ca:AvP ratio      
 1.43  4.6 2.6 5.8 5.9
 2.14  4.5 2.8 5.8 5.8
 2.86  4.8 2.8 5.8 6.0
 3.57  4.7 3.2 5.8 5.8
Phytase (FTU/kg)     
 0  4.5 2.6b 5.7 5.4b

 1,000  4.8 3.2a 5.9 6.4a

P-value      
 Ca:AvP  0.0975 0.0003 0.5999 0.4098
 Phytase  0.0607 <0.0001 0.0552 <0.0001
 Ca:AvP × phytase  0.2203 0.7385 0.0384 0.3655
 Ca:AvP (linear)3  0.3364 0.0006 0.8111 0.7955
 Ca:AvP (quadratic)3  0.9044 0.3508 0.9723 0.9389

a,bMeans in a column not sharing a common superscript are different (P < 0.05).
1Each value represents the mean of 6 replicates (8 birds per replicate). FTU = phytase units.
2Pooled SEM.
3Orthogonal polynomial contrasts were used to assess the significance of linear or quadratic models to describe 

the response in the dependent variable to Ca:AvP level with or without added phytase.
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small intestine and exogenous phytases of bacterial ori-
gin would be more active in more proximal segments of 
the gut where the pH was closer to the optimum pH 
of the phytase. Further, phytate would be less likely 
to bind Ca and the efficacy of these bacterial phytases 
would be influenced to a lesser extent by Ca–phytate 
complexes.

At low Ca:AvP ratios the response to phytase was 
lower compared with higher Ca:AvP ratios. These data 
suggest that at a low Ca:AvP ratio, broilers were able 
to use phytate P better and therefore maintain bone 
ash levels similar to those fed the phytase supplemented 
diet. Similar results were observed by Rousseau et al. 
(2012) who showed a tendency for interaction between 
Ca, nonphytate P (nPP), and phytase supplementa-
tion, such that a lower response to phytase at lower 
Ca:nPP levels were observed. In contrast, Powell et al. 
(2011) reported that phytase supplementation of a high 
Ca diet increased bone breaking strength, bone weight, 
ash weight, and percentage of tibia ash. Interestingly, 
in the present study, there was significantly higher Ca 
digestibility observed at the low Ca:AvP (1.43) com-
pared with the Ca:AvP (2.14). This suggested a higher 
efficiency of Ca utilization at lower Ca levels, which 
may be caused by upregulation of Ca transporters at 
Ca levels below the bird’s requirement (Li et al., 2012).

Phytase addition improved the digestibility of all 
measured AA. There was a strong correlation between 
AA digestibility and degree of phytate degradation. 
These positive effects of phytase supplementation on 
AA digestibility are supported by previous studies 
(Rutherfurd et al., 2002; Ravindran et al., 2006). In-
creasing dietary Ca:AvP ratio significantly decreased 
the digestibility of most AA. The exact mechanism of 
the effects of varying Ca:AvP ratio on AA acid digest-
ibility remains to be determined, but may be related 
to a reduction in phytate hydrolysis and increased for-
mation of Ca-phytate or Ca-protein binary complexes, 
increased endogenous losses, an increase in the pH of 
the proximal digestive tract, or a combination of these. 
Calcium may also interact with protein (Selle et al., 
2012), which may also explain the lower AA digest-
ibility at higher Ca levels. It should be noted that in 
the current study, birds were killed by cervical disloca-
tion, which has been suggested to cause mixing of the 
digesta between intestinal segments and thus influence 
ileal digestibility. However, to the authors’ knowledge, 
this is, so far, unsupported in the scientific literature.

Digesta pH was higher in all segments of the diges-
tive tract when diets contained phytase. Increased pH 
in the gizzard, duodenum, jejunum, and ileum was also 
reported by Walk et al. (2012) when diets were supple-
mented to provide 5,000 FTU/kg of feed. Woyengo et 
al. (2010) reported that phytate decreased jejunal di-
gesta pH in pigs. These authors suggested that phytate 
reduced pepsin activity in the stomach and resulted in 
higher secretion of HCl and reduced pH of the digesta 
in the stomach and the upper part of the small intes-
tine. Therefore, it is plausible to suggest that in the 

current study, the addition of a bacterial phytase with 
a low pH optimum (Shukun Yu, DuPont Industrial Bio-
sciences, Aarhus, Denmark, personal communication) 
would have degraded the phytate in the area of the pro-
ventriculous, reducing the production of the HCl from 
the proventriculus, which may have caused the increase 
in the digesta pH. Increasing dietary Ca:AvP ratio in-
creased digesta pH in the gizzard. These results were 
in agreement with previous reports showing increased 
digesta pH due to adding Ca as limestone due to lime-
stone’s high acid binding capacity (Selle et al., 2009).

Our results supported previous observations that 
lowering dietary Ca:AvP positively affected phytate 
and P digestibility. However, the comparatively small 
negative effects on the efficacy of phytase when the 
Ca:AvP increased above 2.14 suggest that bacterial 
phytases that hydrolyze phytate at low pH in the proxi-
mal intestinal tract may be less prone to inhibition by 
higher dietary Ca levels. The positive effects of phytate 
hydrolysis on AA digestibility support the negative ef-
fect that dietary phytate can have on the digestibility 
of nutrients other than P.
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