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The high cost of supplementing inorganic phosphate to poultry diets, combined with an 
increasing environmental burden of excessive phosphorus (P) excretion in manure, make the 
optimisation of dietary P utilisation in commercial poultry operations as relevant today as it was 
over a decade ago. The development of fungal and microbial phytases to improve P digestibility 
and reduce P excretion has been the foremost strategy applied by the Poultry Industry to 
address this. However, large variations exist between and within classes of phytase in the 
efficacy whereby these increase P digestibility and retention. Due to the importance of P as a 
vital nutrient to the animal, and the associated variation in the published P contributions from 
phytase, commercial nutritionists have been forced to take a conservative approach to the 
amount of P being replaced by phytase in practice. To be able to optimize P utilisation and 
further reduce feed cost from added phytase, without compromising broiler performance and 
bone mineralisation, a more detailed understanding of interactions between biochemical, 
physiological, and dietary factors affecting phytase efficacy is required. 

              

Phosphorus (P) is an essential nutrient for broilers, being required not only for adequate bone 

mineralization, but also as a key buffer in the body and for multiple metabolic processes at a 

cellular level. Dietary P from plant-based feed ingredients occurs predominantly in the form of 

IP6, or myo-inositol hexakisphosphate that is poorly digested by poultry resulting in ~50% of 

dietary P being excreted in the manure of broilers (Applegate and Angel, 2005). As broiler litter 

and manure is predominantly applied to land as fertilizer, the high level of P contained therein, 

and an unfavorable Nitrogen:P ratio, can have substantial environmental implications due to 

increased P runoff from manure that is land-applied, with downstream consequences of 

increase aquatic plant growth, followed by depletion of oxygen and eutrification of water bodies 

(Bennet et al., 1999; Shapley and Moyer, 2000). In addition to the environmental implications, 

the low and inherently variable utilization of dietary P by poultry also results in a need to 

supplement inorganic, more available sources of P to diets at levels that often exceed the birds 

P requirements. This in turn, significantly increases feed and live production costs. The high 

cost of supplementing inorganic P to feed, combined with the associated negative 

environmental impact of excessive P in poultry manure, has resulted in considerable research to 

develop strategies that can improve dietary P utilization in poultry. These can be broadly 

summarized as better defining the P requirement of birds under various conditions, thereby 

minimizing dietary P excesses, and developing nutritional strategies such as exogenous 

phytase that improve dietary P utilization and will be the key focus of this paper. 

 

In practice, nutritional strategies aimed at increasing the percentage of the dietary P that is 

digested and retained by poultry have primarily focused on the development of exogenous 

phytase enzymes and understanding how these interact with other dietary factors to improve the 

digestibility of phytate bound P. However, in spite of substantial research in this area, large 



variations exist in the literature and in commercial practice, in the optimal amount of phytase to 

use in diets, and the amount of inorganic P that can be replaced as a result. For example, Angel 

et al. (2002) showed the amount of phytase needed to replace 0.1% non phytate P (NPP) to 

vary from 781 to 1413 FTU/kg feed from fungal phytase sources, with as little as 0.065% NPP 

being made available from 500 FTU phytase at a fixed Ca level of 0.7%. Although the 

development of newer generation bacterial phytases derived from E.coli were shown to have a 

greater efficacy of P release vs. fungal phytases (Applegate et al., 2003), published estimates of 

P contributions from E.coli phytase have been equally variable, with examples of 1.1g P/kg feed 

from 1000 FTU (Sands et al., 2004), 0.12% P from 500 FTU (Jendza et al., 2006), and 0.13% 

from 500 FTU (Ceylan et al. 2012). The variation in the published P contributions from phytase 

in these and other studies may result from differences in trial methodology, concentration of 

phytate substrate for the enzyme in the diet, the level of added phytase, the intrinsic properties 

of the phytase enzyme used, source of phytase, feed particle size, and dietary calcium level and 

source (Angel et al., 2002; Ravindran et al., 2006; Amerah and Ravindran, 2009; Selle et al., 

2009). However, this variation in phytase efficacy make it difficult for nutritionists to make 

informed decisions of how much dietary inorganic P to safely replace with phytase, which 

frequently results in suboptimal phytase application and higher feed cost. To this effect, an 

understanding of phytate and phytase biochemistry and their interaction with some of the 

fundamental dietary factors and digestive physiology that influence phytase efficacy in vivo is 

required. 

 

Variation of phytate levels in feed ingredients 

Dietary phytate levels in feed ingredients are variable and by no means constant. This was 

shown previously in the review by Selle and Ravindran (2007) in which the range of phytate P in 

corn, wheat, and soybean meal was 0.23-0.29%, 0.29-4.09%, and 0.57-0.69%, respectively. 

More recently, similar variation in the analyzed phytate P levels of different feed ingredients was 

shown in our own laboratory (Table 1).  

 

Table 1. Analyzed phytate P content of different feed ingredients 

Feed Ingredient  Analyzed phytate P (%)  

  N Average SD Range  

Barley  12 0.20 0.04 0.14-0.28  

Corn  56 0.19 0.03 0.14-0.30  

Rye  3 0.16 0.01 0.16-0.17  

Sorghum  29 0.19 0.04 0.12-0.26  

Wheat  27 0.22 0.02 0.17-0.22  

Canola/rapeseed meal  24 0.70 0.12 0.47-0.89  

Cottonseed meal  6 0.73 0.07 0.63-0.84  

Peas  5 0.22 0.02 0.20-0.25  

Soybean meal  56 0.41 0.02 0.31-0.48  

Sunflower meal  7 0.77 0.06 0.67-0.85  
Source: Danisco Animal Nutrition 

 

As the upper limit of P release from phytase is dependent on the amount of substrate in the diet, 

some knowledge of the amount of phytate P in practical diets is essential. Considering the 

dietary phytate P level is less important at traditional doses of phytase of ~500 FTU/kg feed 

where it has less potential to limit the value of phytase on digestible P release. However, 



phytate P as a substrate can become limiting when diets contain animal protein meals, or 

dephytinised DDGs and higher levels of microbial phytases with recommended P contributions 

of up to 0.18% AvP are applied in feed formulation. From this perspective it is important to 

include phytate P as a nutrient in feed formulation when adding phytase to diets. To remain 

conservative, and until more research is done that verify higher levels of phytate hydrolysis, a 

practical recommendation would be to not replace more than 67 to 70% of the dietary phytate P 

with phytase. 

 

Phytase application: understanding phytate and phytase chemistry in the digestive tract 

Phytate is extremely reactive, having 12 dissociable protons, with pKa values that range from 

about 1.5-11 (Angel et al., 2002). At the pH of the digestive tract, phytate will carry a strong 

negative charge with a tendency to bind divalent cations such as Ca 2+ ,Zn2+, and Cu2+ in stable 

complexes. The propensity of phytate to bind cations has been suggested to increase rapidly 

with increasing pH as the digesta exists the acidic conditions of the proventriculus and gizzard 

(pH 2.0 and pH 2.6) and the pH in the duodenum rapidly rises to ~5.8 (Angel et al., 2002, Angel 

et al, 2010). The increased chelation of phytate with Ca and other divalent minerals at the 

higher pH of the duodenum results in rapid precipitation of Ca-phytate complexes and has 

significant consequences for the efficacy of phytase enzymes due to the insoluble Ca–phytate 

complexes being resistant to enzymatic hydrolysis by phytases (Selle et al., 2009). 

Consequently, in order to maximize the utilisation of phytate P from phytase, it is preferential 

that dietary phytate is fully hydrolyzed in the acidic portion of the digestive tract (gizzard and 

proventriculus in poultry) where, as a result of the low pH, there is a lower propensity for Ca to 

chelate and precipitate phytate. Stated another way, differences between different phytase 

sources in their P contribution at any given dose, as well as some of the variation in P 

contribution between published studies are likely caused by differences in the extent of phytate 

hydrolysis achieved in the gizzard proventriculus. The extent of phytate hydrolysis by the 

proximal duodenum is, in turn, dependent on a multitude of factors including the pH optima of 

the phytase, the dose of the phytase added, the relative activity of the phytase, and the 

retention time of the digesta in the gizzard / proventriculus.  

 

It is well known that large differences exist between phytase enzymes in their ability to rapidly 

hydrolyze phytate at low pH. These differences between phytases relate to differences in the 

protein structure of the enzyme that, in turn, influence its pH optimum, Km, and specificity for 

phytate (IP6) versus lower order inositol phosphate esters. Previous research has shown that 

the relative activity of phytases over the pH range 2.2 to 4.5 was 50% higher for E. coli versus 

A. niger phytases (Wyss et al., 1999) and that an E.coli phytase included at 500 FTU/kg feed 

was able to hydrolyze almost two times as much phytate P in the gizzard proventriculus of 21-d 

old broilers vs. a fungal phytase from A. niger included at the same dose (Plumstead et al., 

2010). More recently, new generation phytases from source organisms such as a Buttiauxella 

spp. phytase expressed in T.reesei and a phytase from Citrobacter braachi have been 

developed. A comparison of the relative activity of these phytases at pH 5.5 in comparison to an 

E.coli phytase and fungal phytase from P.lycii is shown in Fig. 1. From this, it can be seen that 

while both E.coli and Citrobacter braachi phytases have a similar pH profile, their relative activity 

at the physiologically important pH at which phytate is less susceptible to bind Ca, was greater 

than that of the P.lycii phytase. In a similar manner, the relative activity of the Buttiauxella 

phytase, below pH 4.0 was approximately two-fold that of both E.coli and Citrobacter phytases.  



 
Figure 1. Relative activity of different phytase sources to hydrolyze Na-phytate pH 5.5. 
Expressed relative to activity at pH 5.5. In vitro assay run for 30 minutes at 37°C, using 5.1 mM 
Na-phytate and 0.02 FTU/ml phytase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The large differences in the relative activity of phytase at pH <4.0 that were observed in-vitro 

are thought to contribute to differences in P release in-vivo when these different phytases are 

included at the same dose in feed. For example, a higher efficacy of E. coli vs. fungal phytase 

sources has been demonstrated in both turkeys and broilers (Applegate et al., 2003, Plumstead 

et al., 2010). More recent comparisons between phytase sources have compared a Buttiauxella 

spp. phytase expressed in T. reesei with 3 different E. coli phytase sources in a meta analysis. 

Results showed a 1.8 fold greater efficacy of the Buttiauxella phytase to improve ileal P 

digestibility vs. E. coli phytase in 21-d old broilers. (Plumstead et al., 2012). In a similar study 

comparing Citrobacter phytase vs. the Buttiauxella phytase, the efficacy in broilers was 

estimated to be 1.77:1 to ~2:1 greater for Buttiauxella phytase for tibia ash response and P 

retention respectively (Kwakernaak et al., 2013). These relative differences in phytase efficacy 

can be interpreted by stating that although all sources of phytase were able to eventually 

achieve the same level of P release, the amount of each phytase needed to do this differed by a 

factor of ~1.77 to 2.0 in favor of Buttiauxella spp. phytase.  

 

In summary, significant differences exist between phytase sources in the relative activity and 

rate of phytate hydrolysis at low pH. This has a profound influence in the amount of phytate P 

made available to broilers in-vivo from the phytase at a standardized dose, or conversely, the 

amount of phytase needed to replace a defined amount of organic P in broiler diets.  

 

Effects of Ca on P utilization in diets with phytase 

Dietary Ca requirements in poultry are predominantly expressed as total Ca. As phytate binds 

dietary Ca at higher pH, any undigested dietary phytate entering the small intestine will rapidly 

complex with Ca, reducing both the digestibility of phytate and dietary Ca. The negative effect of 



Ca on dietary phytate P utilisation is well documented (Nelson, 1968, Sebastian et al., 2006, 

Tamin et al., 2004) with examples of the earlier work by Nelson, (1968) concluding that in the 

absence of added phytase, 1% phytate was able to bind 0.36% dietary Ca and that the Ca 

requirement of broilers increased by 50% when dietary phytate was increased from 0% to 

1.36%. Subsequent recommendations by Nelson (1984) were that the Ca requirement of 

broilers should be expressed as a function of the dietary phytate level. The importance of the 

detrimental interactions of phytate on dietary Ca requirements is further supported by 

recommendations that the optimal Ca:NPP ratio in broiler diets should increase with increased 

dietary phytate P (van der Klis and Versteegh, 1996; Plumstead et al., 2008).  

 

While substantial research has demonstrated negative effects of Ca on phytate utilisation in the 

absence of phytase, the effect of Ca on phytate P hydrolysis when diets contained phytase is 

less clear. Some authors have shown high levels of dietary Ca or a high ratio of Ca:AvP to 

negatively affect the efficacy of phytase enzymes (Angel et al., 2002, Quian et al. 1997). As Ca–

phytate complexes are predominantly formed at pH ≥ 5 (Selle et al., 2009), it is likely that 

published detrimental effects of Ca on phytase efficacy may be attributed to the incomplete 

hydrolysis of phytate by the time digesta entered the duodenum and any remaining phytate is 

bound and precipitated by Ca at the higher pH. This can be expected to occur to a greater 

extent when diets contained either a low dose of phytase, or when applying phytases that have 

a high pH optima, or have a low relative activity at low pH vs. the pH at which they are dosed. 

The rapid phytate degradation in the proximal gut using phytase enzymes optimized to work at 

low pH has been proposed as a potential strategy to mitigate the negative effects of dietary Ca 

on phytase efficacy. This has recently been shown in our research using 21-d old broilers where 

increasing dietary Ca from 0.68 to 1.08% in the presence of Buttiauxella phytase at ~1000 

FTU/kg feed had no effect on the ileal digested P contribution that was on average 0.163 g/kg 

ileal digested P from phytase. These data suggest that when sufficient phytase with a high 

relative activity in the gastric part of the digestive tract is added to diets, dietary Ca may no 

longer be influential on phytase efficacy. This absence of any negative effects of Ca on the P 

contribution from phytase has considerable importance in practice, as part of the variation 

phytase efficacy observed in previous studies and in commercial practice, has likely been 

caused by too high, or variable levels of dietary Ca.  

 

In summary, phytase application to poultry diets remains, in practice, the single biggest strategy 

to improve dietary P utilization and reduce P excretion in manure. Numerous sources of phytase 

enzymes have been developed and commercialized. However, the P contribution from phytase 

and consequently, the ability to safely remove a substantial amount of inorganic P from the diet, 

is dependent on a multitude of factors that interact with each other. Most notably, these include 

the dietary phytate content; the relative activity of phytase and rate of phytate hydrolysis at a low 

pH in the gastric stomach; the dose of phytase used; the residence time of digesta in the gastric 

stomach; and the subsequent effects of dietary Ca levels and Ca source on phytate hydrolysis. 

The large differences that exist between phytases in their enzymatic characteristics, phytase 

unit definitions, and recommended dose rates will have profound effects on their in-vivo efficacy 

and the optimum dose of each phytase required to replace a consistent amount of inorganic P in 

diets. An understanding of the phytase chemistry, its relative activity, and how this can 

potentially interact with dietary and physiological factors in gastrointestinal tract is therefore 



required in order to optimize the application of different phytases to achieve maximum dietary 

phytate P utilisation and thereby reduce P excretion and feed cost. 
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