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Summary

Phytases are hydrolytic enzymes that initiate the release of phosphate from phytate (myo-inositol hexakisphosphate), the major phosphorus storage form in plants. These enzymes can be supplemented in diets for food animals to improve phosphorus nutrition and to reduce phosphorus pollution of animal excreta. 

The rationale for the use of phytase in aqua feeds is linked to the increasing use of plant-based feed ingredients as an alternative to expensive fish meal protein source in order to make aquaculture, sustainable. 

Main targets for phytase application are:

- The use of phosphorus from plant-based raw materials as it is not available to aquatic species, being stored in the form of phytate. Most of the aquatic species do not have an intestinal phytase activity. 

- The reduction of the phosphorus excretion in the environment in order to cope with regulations on phosphorus discharge from fish farming systems. 

Phytate and phosphorus content of vegetable protein sources, phosphorus requirement and availability, influence of phytase supplementation on phosphorus digestibility, retention, bone mineralization, protein digestibility and performance are reviewed for carnivorous aquatic species and omnivorous fish. Results show that the optimisation of the availability of these protein sources to aquatic species requires the use of phytase in order to maximize performance and minimize phosphorus excretion in the environment. 

A. Rationale for the use of phytase in aqua feeds

- Sustainability of aquaculture

- Increase use of plant-based feed ingredients in aquaculture

- Environmental concern

- Phytate in vegetable protein sources is an antinutritional factor

B. Phosphorus: requirement of aquatic species and availability from feed ingredients

- Phosphorus requirement of aquatic species

- Phosphorus availability from the different feed ingredients

C. The enzyme: phytase: 

- Mechanisms of action

- Intestinal phytase activity in fish

- Application of enzyme


- Post-extrusion or top-dressed


 Pre-treatment

D. Main target for phytase application

- To improve phosphorus availability from vegetable protein sources


-carnivorous fish species


-omnivorous fish species


-Shrimp

-Ingredient–related efficacy

- To reduce phosphorus excretion in the environment

- To improve mineral and other nutrient and availability

- Combined effects with other feed additives 

E. Estimation of available P content in feed ingredients. 

F. Conclusion

A. Rationale for the use of phytase in aqua feeds

Sustainability of aquaculture:

The aquaculture industry has been recognized as the fastest growing food producing industry (FAO, 2000) and will play an increasingly important role in meeting the demand for fish. Aquaculture contributes more than 20 million tons of fish and shellfish annually to the world fish supply. Most of this is produced in semi-extensive systems, particularly in China, where about 11 million tons of carp are produced. About 8 million tons of fish are produced in semi-intensive or intensive systems with the use of compound feeds. The aquaculture feed industry relies on the use of fishmeal because of its balanced amino acid and fatty acid profile. The growth and intensification of aquaculture has raised several issues that need to be addressed to insure the sustainability of the industry. In the nutrition field, developing the use of inexpensive raw materials of high quality and finding ways to remove or inactivate antinutritional factors from these raw materials are priorities. 

The proportion of global fishmeal production that is being utilized for the production of fish feed is substantially increasing and could reach 44% in 2010. Fishmeal has become an expensive source of proteins and its replacement by vegetable protein sources is very important for the development of aquaculture with lower feed costs (Debnath et al., 2005).  This is also relevant for the shrimp industry where fish meal replacement becomes also an important issue (Fox et al., 2006). One of the major problems associated with the use of plant protein sources in fish feed is the presence of anti-nutritional factors such as phytic acid. 

Identifying the diets that meet the nutritional needs of organisms is requisite to their successful culture. Feed costs are the largest expenditure for finfish producers, and here lies the greatest opportunities for improvement. The sustainability of aquaculture is linked to an improved availability of nutrients from feed to aquatic animals in a cost-effective and environmentally responsible way. This is achieved nowadays by the use of least-cost formulations, incorporation of inexpensive novel ingredients, and improved manufacturing processes. Another method which may be used to increase aqua feed efficiency is the application of exogenous enzymes. They can increase digestibility of nutrients locked as indigestible moieties within major dietary ingredients (Gabaudan et al., 2006). 

Environmental concern

A major concern about aquaculture and its development is the environmental issue linked to the phosphorus and nitrogen discharge from fish farming into the environment and the subsequent eutrophication of water systems. 

Advanced nutrition can reduce environmental and ecological costs, as well as the tangible price of feed (Trushenski et al., 2006). Diets can be formulated to reduce effluents (Gatlin and Hardy, 2002).  

Phosphorus in aquaculture effluents (uneaten foods and unavailable dietary phosphorus in faeces) is considered as a point source of pollution by many regulatory agencies. Uneaten foods and unavailable dietary phosphorus in faeces are the primary contributors to fish farm effluents. High levels of soluble phosphorus in the water stimulate phytoplankton growth that can result in wide fluctuations in dissolved oxygen concentrations (Li et al., 2004).

Restrictive legislation on fish farm effluents has been implemented in some countries and restriction on production occurs in others. In some countries the regulations for aquaculture are more stringent than for other animal production industries. 

Conventional salmonid feeds that contain a high level of fish meal results in a high load of phosphorus in the water due to the excessive dietary phosphorus content and the poor availability of phosphorus from the bone fraction of fish meal. Fishmeal accounts for 30 to 50% by weight of feeds for carnivorous fish, 8 to 20 % in omnivorous fish and less than 5% in herbivorous fish. 

Increasing use of plant-based proteins: 

Vegetable protein ingredients contain significantly less phosphorus than fish meal and the partial replacement of fish meal by vegetable feedstuffs could help reducing the phosphorus discharge. To develop sustainable and environment-friendly aquaculture, various plant proteins such as soybean meal and canola meal are considered promising protein sources as substitutes for fishmeal. However, one of the major problems associated with the use of plant proteins in fish feed is the presence of anti-nutritional factors such as phytate (Cao et al. 2007). Many plant raw materials have been successfully used without impairing the feed pellet quality. On the other hand, there have been numerous fish performance issues related to the use of plant proteins.  This is linked to the presence of these antinutritional factors which could have adverse effects on digestive function. Trypsin inhibitors, glycosinolate and phytic acid are of major concern. 

Legume seeds such as peas, lupins and soybeans and low glycosinolate rapeseeds have been used with success as partial substitutes for fish meal. Feeds for salmonids are, however, energy dense and typically contain high levels of protein and lipids. Starch content in the diet must be kept at a low level as fish digest starch and assimilate and metabolise glucose poorly. Therefore vegetable protein sources with high protein content are preferred for these fish in order to minimise the starch and indigestible non starch polysaccharides. Few seed crops meet these criteria, as legumes and oilseeds typically contain 25 to 40% protein and more than 30% carbohydrates. Concentrates are therefore preferred. Corn gluten is used as well as wheat gluten. The soy industry has industrialized processes to concentrate protein and produce soy protein concentrates produced from hulled and defatted soy which are of high nutritional values for carnivorous fish. Concentrate from other vegetable protein sources are also developed but not all are of economical value. Even when concentrated, the use of plant protein in feeds for carnivorous fish introduces several challenges. Compared with fishmeal, the amino acid composition of vegetable protein is unbalanced, and excessive heating during industrial drying may reduce the protein quality of vegetable feedstuffs even further (Reftsie & Storebakken, 2001). 

Fish meal replacement is also a criterion for the use of vegetable proteins in the diet of omnivorous and herbivorous fish. Improving the availability of nutrients from the already used plant feedstuffs would also allow the use of vegetable proteins of different quality. Cheaper diets imply that di-calcium phosphate supplementation costs even higher in proportion. Reducing the cost of feeds is crucial to sustain the production of species with relatively low selling prices.

Phytate in vegetable protein sources 

Phytate, the salt of myo-inositol-hexaphosphate, is the major storage form of phosphorus in plants. Phytate phosphorus is unavailable to channel catfish, trout and salmon, red sea bream and carp (Riche & Brown, 1996). 

About 50 to 80% of total phosphorus in plant feedstuffs is bound as phytate phosphorus. In the form of phytate, phosphorus is poorly available for the non-ruminant animals because they lack sufficient endogenous phytase activity which releases orthophosphate from the phytate molecule in the gastrointestinal tract.  Furthermore, phytate chelates positively charged cations such Ca2+, Mg2+, Zn2+ and Fe2+ under physiological conditions in the gut, thereby reducing the availability of these minerals. High native phytase activities are present in cereals and cereal by-products, whereas lower activities have been reported for legume seeds (Eeckout & De Paepe, 1994). However, there is a large variation in phytase activity among feedstuffs, depending on genetic and environmental factors such as cultivars, cultivation and harvest years (Steiner et al., 2007).

They have studied the distribution of phytase activity, total phosphorus and phytate phosphorus in legume seeds, cereals and cereal by-products from South Western Germany as influenced by harvest year and cultivar. Results show that on average 67% of total phosphorus is bound to phytate. There is a significant influence of harvest year on phytate content in wheat. Furthermore total phosphorus and phytate phosphorus concentrations differed between different cultivars of wheat. They were highly correlated in legume seeds and cereal by-products and to a smaller extend in cereals. Phytase activity, total phosphorus and phytate phosphorus are highly concentrated in the outer grain layers of cereals. Tran & Skiba (2005) have also observed some homogeneity in grains regarding the variation in phytase activity, total phosphorus and phytate phosphorus in different raw materials. The phosphorus level has a coefficient of variation of ca 10% while phytase activity has 30%. Some vegetable products, like cassava which has a very low total phosphorus level, have below 2% of total phosphorus bound as phytate phosphorus. Native phytase activity is of no relevance in fish diets as the thermal process of feed manufacture would completely destroy this activity through extrusion and drying processes. 

Phytate also forms complexes with proteins reducing availability of amino-acids. Both binary complexes (phytate protein) and ternary complexes (phytate-mineral-protein) can occur or be formed in vivo. In acidic environments such as the tilapia stomach (pH 1 to 2), half of the phosphate moieties are negatively charged. This favours binding of soluble proteins at amino-groups on lysine, imidazole groups on histidine and guanidyl groups on arginine. In alkaline environment such as tilapia intestine, (pH 8.5-8.8), ternary complexes are favoured. Both complexes are resistant to proteolytic digestion (Riche & Garling, 2004). Phytic acid and protein interaction negatively affects the protein availability of legumes. The nature of the protein source plays a determinant role.  Carnovale et al. (1988) determined the effects of phytic acid-protein interactions in several cultivars of faba beans and peas on in vitro protein digestibility shows that the binding between phytic acid and protein was not affected by physical methods of separation. The weight ratio between phytic acid and protein remains constant (1:29) in different fractions of the same source. In vitro digestibility of faba bean and pea decreased in the presence of exogenous phytic acid (10 mg).

B. Phosphorus: requirement of aquatic species and availability from feed ingredients

- Phosphorus requirement of aquatic species

Phosphorus is an essential mineral which is required to support normal growth and feed efficiency, bone mineralization and metabolism. Kaushik (2005) has reviewed the phosphorus requirement of fish and Lall & Lewis-McCrea have recently (2007) reviewed the role of nutrients and particularly minerals on the skeletal metabolism and pathology in fish. Fish are able to absorb phosphorus from the water. However, the concentration being very low, the main source of phosphorus is the diet. Dietary available phosphorus requirement of most aquaculture-relevant fish species varies from 0.4 to 0.9% of diet (NRC, 1993; Kaushik, 2005). Only Japanese eel and Korean rockfish have a low phosphorus requirement around 0.3%. Some species such as haddock has a much higher requirement, reaching nearly 1% of diet. In addition to species differences, there are large differences among different life stages since feed efficiency and normal body phosphorus levels vary and are usually high in juveniles. 

Phosphorus deficiencies induce skeletal deformities which have various aspects according to fish species: curved spines and soft bones in Atlantic salmon, cephalic deformities in carp, scoliosis in haddock and halibut (Lall & Lewis-McCrea, 2007). 

Phosphate homeostasis is maintained by absorption in the intestine, excretion in the kidney and storage and remodelling of bone and these processes are influenced by dietary phosphorus level (Vielma et al, 1998). Avila et al (2000) have studied the intestinal transport of inorganic phosphate in rainbow trout. Results have shown that as in mammals and birds, the transport of inorganic phosphate is done through a Na+ dependent inorganic phosphate carrier which is tightly regulated by diet. Transport occurs more in the proximal and middle parts than in the distal part of the intestine.  Coloso et al. (2003) have shown that mRNA of the intestinal and renal sodium phosphate transporter increases in fish fed a low phosphorus diet. 

- Phosphorus availability from the different feed ingredients

Table 1 presents the phosphorus availability from different ingredients measured in salmonid fish. Table 2 present the phosphorus availability from different ingredients fed to omnivorous fish. Results from the various studies performed show clearly the low availability of phosphorus from feed ingredients of vegetable origin compared to fish meal. 

Phosphorus digestibility varies in relation to the form provided in the diet. Indeed, while the mono basic phosphate form has a comparable digestibility irrespective of fish species (omnivorous or carnivorous ones); the dibasic form has a lower bioavailability in carp as compared to channel catfish and trout. Furthermore, the tribasic calcium form of phosphate is very poorly digested by carp (13%) while trout has a much higher capacity of 64% (Kaushik, 2005). 

Most of the phosphorus in fish meal comes from the hydroxyapatite of bone. Carp are stomach less and therefore cannot secrete gastric acid in their digestive system. Carp has a poor ability to hydrolyse calcium phosphate. Availability of phosphorus from fish meal is greater for trout than for carp (Riche & Brown, 1996).  Yamamoto et al. (1997) have shown that individual mineral availabilities vary widely among the protein sources and therefore it is necessary to determine these mineral availabilities for different protein sources. 

Some factors such as growth stages seem to have an influence on phosphorus absorption. Satoh et al. (2002) have demonstrated that small fish (2g) have a very poor capacity to absorb phosphorus from plant protein source.  This capacity improves as fish grows. Sugiura et al. (1998a) have studied the effects of various dietary supplements on the availability of minerals in fish. Phosphorus availability was increased by addition of citric acid. However, no effect of sodium citrate, potassium chloride, sodium chloride, histamine dihydrochloride, EDTA di-sodium salt, sodium bicarbonate, amino acids, ascorbic acid, inositol + choline and cholecalciferol was observed. 

Total phosphorus digestibility in grass carp fed a basal diet containing 44% soybean meal and 46% wheat middlings was in the range of 30%. No difference was observed in relation to feed processing (pelleting or extrusion). When 100% of the fish meal protein was replaced by detoxified castor bean meal, the total phosphorus digestibility was significantly increased when the diet was pelleted. Replacement at 40% had no effect (Cai et al., 2005). The phosphorus absorption rate in carp increased from 45% to 60% when the fishmeal level decreased from 25% to 10% (Jahan et al., 2001).

 Increased phosphorus availability has been demonstrated in low phytate corn and barley varieties compared to the ordinary grains (Sugiura et al., 1999; Overtruf, 2003).

Table 1: Phosphorus availability from feed ingredients fed to carnivorous fish 

	Ingredient
	P availability

(%)
	Species
	Reference

	Fish meal (anchovy)
	32.8 ± 4.7

50.4

47.4
	trout

trout

Coho salmon
	Riche & Brown, 1996

Sugiura et al., 1998b

Sugiura et al., 1998b

	Fish meal (sardine)
	34.4 ± 5.7

56.3

72
	trout

trout

trout
	Riche & Brown, 1996

Satoh et al., 2002

Ogino et al., 1978

	Fish meal (menhaden)
	87.0

36.5

40.4
	Atlantic salmon

trout

Coho salmon
	Lall, 1991

Sugiura et al., 1998b

Sugiura et al., 1998b

	Fish meal (herring)
	50.5 ± 6.1

52.0

44.4

57.3
	trout

Atlantic salmon

trout

trout
	Riche & Brown, 1996

Lall, 1991

Sugiura et al., 1998b

Sugiura et al., 1998b

	Pollock meal
	46.4

60

31.2
	trout

trout

trout
	Satoh et al., 2002

Ogino et al., 1978

Yamamoto et al., 1997

	White fish meal
	59.5
	Korean rockfish
	Bai et al., 2001

	Deboned white fish meal
	46.8

54.8
	trout
Coho salmon
	Sugiura et al., 1998b

Sugiura et al., 1998b

	Poultry feather meal
	61.7

75.4
	trout

Coho salmon
	Sugiura et al., 1998b

Sugiura et al., 1998b

	Meat and bone meal
	38.5
	trout
	Satoh et al., 2002

	Canola meal
	4.8 ± 12.2
	trout
	Riche & Brown, 1996

	Solvent extracted soybean meal
	-13.4 ± 21.6

22.0

28.4

13.9

12.6
	trout

trout
Coho salmon
Trout

Korean rockfish
	Riche & Brown, 1996

Sugiura et al., 1998b

Sugiura et al., 1998b

Yamamoto et al., 1997

Bai et al., 2001

	Full fat soybean
	8.4 ± 3.1
	trout
	Riche & Brown, 1996

	Defatted soybean meal
	33.1
	trout
	Satoh et al., 2002

	Extruded defatted soybean
	43.3
	trout
	Satoh et al., 2002

	Soy protein concentrate
	22.7
	trout
	Satoh et al., 2002

	Peanut meal
	22.1 ± 3.1
	trout
	Riche & Brown, 1996.

	Corn gluten meal
	30.7 ± 5.2

9.6

8.5

15.8

11.2

22.2
	trout

trout

trout
Coho salmon
Trout

Korean rockfish
	Riche & Brown, 1996

Satoh et al., 2002

Sugiura et al., 1998b

Sugiura et al., 1998b

Yamamoto et al., 1997

Bai et al., 2001

	Wheat gluten meal
	74.7

56.9
	trout

Coho salmon
	Sugiura et al., 1998b

Sugiura et al., 1998b

	Wheat middlings
	55.3

41.0
	trout

Coho salmon
	Sugiura et al., 1998b

Sugiura et al., 1998b

	Wheat flour
	47.0

50.1
	trout

Coho salmon
	Sugiura et al., 1998b

Sugiura et al., 1998b

	Malt protein flour
	36.7
	trout
	Yamamoto et al., 1997

	Barley

Barley lpa* 50%

Barley lpa 70%

Barley lpa 95%
	51.7 ± 1.3

58.4 ± 0.5

77.2 ± 1.5

87.8 ± 1.3
	trout

trout

trout
trout
	Overturf et al., 2003

Overturf et al., 2003

Overturf et al., 2003
Overturf et al., 2003


    *lpa: low phytic acid content
Table 2: Phosphorus availability from different feed ingredients fed to omnivorous fish

	Ingredient
	P availability
	Species
	Reference

	Fish meal (menhaden)
	39.0

18
	channel catfish carp
	Lovell, 1978

Kaushik et al., 2005

	Soybean meal
	29-54
	channel catfish
	Kaushik et al., 2005

	Corn
	25
	channel catfish
	Kaushik et al., 2005

	Wheat germ
	57

28
	carp

channel catfish
	Kaushik et al., 2005

	Phytates
	8-38
	carp
	Kaushik et al., 2005


C. The enzyme phytase: 

- Characteristics

Phytases are hydrolytic enzymes that initiate the release of phosphate from phytate, the major phosphorus storage form in plants. These enzymes can be supplemented in diets for food animals to improve phosphorus nutrition and to reduce phosphorus pollution of animal excreta. 

A phytase unit is the quantity of enzyme which liberates 1 µmole of inorganic phosphorus per minute from 0.005 mol/L sodium phytate at 37°C and pH 5.5. 

- Intestinal phytase activity in fish

Ellestad et al. (2002a) have evaluated the intestinal phytase activity in fish. They demonstrated that hybrid striped bass, has a very low but existing intestinal phytase activity which could also be a non specific phosphatase activity as it had very low affinity for phytate. The same authors (2002b) compared the phytase activity in the intestinal brush border of three teleost fish species such carnivorous hybrid striped bass, omnivorous tilapia and carp. The results show that tilapia exhibits a significantly higher intestinal brush border membrane activity than bass and carp which do not differ in their low activity. Total intestinal activity was not different between the three species. The authors concluded that tilapia could digest some phytate while hybrid striped bass and carp were not able to digest more than 1 or 2% of phytate P present in the diet. Intestinal brush border membrane phytase activity of hybrid striped bass was not increased by treatment with bovine somatotropin (Ellestad et al., 2003). Rainbow trout is able to hydrolyse less than 5% of dietary phytate P (Forster et al., 1999). 

- Enzyme application

The preferable application method of phytase in fish diets is by coating a liquid form of the enzyme after extrusion and drying. This application procedure prevents activity loss during pellet formation. On-line spraying devices can be very effective and relatively simple to install on existing production lines. Moreover, post-extrusion liquid application allows great flexibility in formulation and the use of enzyme. 

Some studies have investigated the possibility of pre-treatment of raw materials. Cain & Garling (1995) have observed an increase in phosphorus availability in rainbow trout fed a soybean meal based diet pre-treated with phytase. 

Apparent absorption of phosphorus was significantly improved (Sugiura et al., 2001) in rainbow trout fed a diet containing pre-treated soybean (93%) compared to the control not supplemented in phytase (27%) and was equivalent to that of fish fed the highest dose of phytase (400units/kg feed ; 90%).

Results of the study performed by Masumoto et al. (2001) with Japanese flounder fed pre-treated soybean meal showed that there was no significant difference in phosphorus availability between fish fed the soybean based diet supplemented with phytase or the diet containing pre-treated soybean meal.  A positive effect of phytase pre-treatment has also been observed by Teskeredzic et al. (1995), Storebakken et al. (1998), Vielma et al. (2002), Cheng & Hardy (2003), Riche & Garling (2004), Yoo et al. (2005) and Van Weerd et al. (1999). In this latter study, the effect of pre-treatment on phosphorus retention was equivalent to that of dietary supplementation with 1000 units of phytase per kg feed. 

Yoo et al. (2005) found no significant difference in phosphorus digestibility between pre-treated soybean meal included in diet of Korean rockfish and phytase supplemented diets.  

Recently, Denstadli et al. (2007) have compared on-line phytase pre-treatment of vegetable feed ingredients and phytase coating in diets for Atlantic salmon. Pre-treatment of wheat and soy protein concentrate for one hour in the pre-conditioner at 45°C led to significantly higher phosphorus digestibilities in comparison with the phytase supplemented diet. The pre-treatment of raw materials with phytase always demonstrated a positive effect even though sometimes the degradation of phytic acid was not complete. However, the processes established for these studies are experimental and need further investigations in order to reach an economical viability.

D. Main target for phytase application

- To improve phosphorus availability from vegetable protein sources in carnivorous aquatic species

Tables 3a, 3b, 3c present the results of several studies performed in different carnivorous fish species in order to evaluate the efficacy of phytase supplementation of the diet on total phosphorus digestibility. Table 3a relates to studies performed in rainbow trout, table 3b in Atlantic salmon and table 3c in several marine fish species such as bass, bream and Japanese flounder. Table 3d presents the results of phytate phosphorus digestibility in rainbow trout fed a phytase supplemented diet. 

Data on rainbow trout show a clear positive effect of phytase supplementation of the diet on total phosphorus availability. Inclusion of phytase at 1500 units /kg feed in comparison to non supplemented diet improved phosphorus availability as indicated by higher apparent availability of phosphorus, bone ash, plasma and body phosphorus concentrations (Vielma et al., 1998). Forster et al (1999) have demonstrated the improvement of nutritive value of canola protein concentrate with phytase supplementation in rainbow trout. In this study, a high Ca level may have limited the effect of phytase by complex formation with phytate. Studies have investigated the dose response of phytase supplementation efficacy on nutrient digestibility and retention (Sugiura et al. 2001; Vielma et al., 2004). Dose range studied has varied from 400 units /kg feed up to 4500 units/kg feed. Phytate phosphorus had very low digestibility coefficients in rainbow trout when no phytase was added to the diet. This confirms the findings that almost no intestinal phytase activity exists in rainbow trout (Table 3d). Results generally show a clear dose response effect as it is not diluted by non-phytic phosphorus present in all diets. 

In comparison with rainbow trout, phytase has been less studied in Atlantic salmon. The likely reason is that, until recently, alternative protein sources have not been that widely used in Atlantic salmon diets. The two studies reported here show in one case a positive effect of phytase supplementation at 2000 units/kg feed in Atlantic salmon fed a canola meal based diet (Sajjadi & Carter, 2004). Atlantic salmon were fed, for 12 weeks, diets based on canola meal with and without phytase and inorganic phosphorus supplementation.  Phosphorus digestibility and retention were significantly higher in fish fed supplemental phytase compared to fish fed supplemental inorganic phosphorus. Phytase increased phosphorus availability, therefore reducing the need to add inorganic phosphorus and reducing phosphorus waste for plant-meal based diets. In the other study (Denstadli et al., 2007), Atlantic salmon fed a soy protein concentrate based diet supplemented or not with phytase have equivalent total phosphorus digestibility coefficients.  One of the explanations formulated by the authors is that the phytase was not active at 8°C, rearing temperature of Atlantic salmon in the study. It is possible that an enhanced effect of phytase would have been obtained at higher temperatures as indeed phytase activity is temperature relative. In the case of the phytase from Peniophora lycii (RONOZYME P 5000 (L), we have investigated the remaining activity of this phytase at low temperature and pH 5.5. At 10°C, 40% of the activity of the phytase remains. At 5° and 8°C, the remaining phytase activities were 32 and 37% respectively. These data show that the phytase (RONOZYME P) could still be efficient at low temperature close to Atlantic salmon rearing temperatures. 

Phytase supplementation to the diet of marine carnivorous fish species produces a significant increase in phosphorus digestibility in sea bream, sea bass, Korean rockfish, Japanese flounder (Table 3c). Japanese sea bass fed a combination of enzymes including phytase have no significant difference in specific growth rate and feed conversion ratio which could be related to phytase effect. The phytase dose was low at 200 units /kg feed. Phosphorus retention was significantly increased by phytase supplementation (Ai et al., 2007). Red sea bream fed soybean meal based diets supplemented with graded doses of phytase show an optimal effect at 2000 units/kg (Biswas et al., 2007). Phytase improved significantly phosphorus digestibility in Japanese flounder fed a high soybean meal diet. Phytase supplemented to soy protein concentrate based diet improves phosphorus retention in comparison with a non –supplemented diet as well as in comparison with an inorganic phosphorus supplemented diet. Phytase supplementation in soybean meal and soy protein concentrate based diets improves phytase-bound phosphorus availability in Japanese flounder (Masumoto et al., 2001). 

Striped bass were fed plant diets containing over 70% plant feed ingredients. Significant improvements were found in phosphorus absorption (Powers Hughes & Soares, 1998). The supplementation of phytase significantly improved the apparent digestibility of phosphorus in rockfish diets containing 30 or 40% soybean meal. No difference was observed between 1000 and 2000 units per kg feed (Yoo et al., 2005).

One study performed recently by Biswas et al (2007) showed no effect of phytase at 500 units /kg feed on growth of Penaeus monodon over a 60-day feeding period while lysine supplementation had an effect. On the other hand, phosphorus excretion was reduced with phytase supplementation and nitrogen excretion was reduced by lysine supplementation. Fatty acid profile of the tissue was changed in relation to the combination of phytase and lysine supplementation. 

Table 3a: Influence of phytase on total phosphorus availability from plant protein-based diets in carnivorous fish: rainbow trout (*: significantly different from the control without phytase, **, ***, **** significant differences between doses)

	Main plant protein 
	P availability (%)
	P availability with phytase

(%)
	Phytase dose

Units/kg
	Species
	Reference

	Soybean meal 55%, soy protein 25% (P 0.58, Pi 0.33)
	25
	57
	1000*
	Trout
	Lanari et al., 1998.

	Soybean meal 33% (P 0.66, Pi 0.46)
	58.6 ± 2.0
	68.1 ± 1.4
	1000*
	Trout
	Lanari et al., 1998.

	Soy protein concentrate 50%

(P 0.58  Pi 0.26)
	44.5
	69.7
	1500*
	Trout
	Vielma et al., 1998.

	Canola protein concentrate

(P 2.05, phytate 0.23), High Ca level
	37.4


	42.7

40.1

51.0
	500

1500

4500*
	Trout
	Forster et al., 1999

	Canola protein concentrate

(P 1.6 , phytate 0.24)
	33.0
	45.9
	1500*
	Trout
	Forster et al., 1999

	Soy protein concentrate 50% semi- purified based diet 

(P 0.41, Pi 0.28)
	39.67 ± 1.11
	94.97 ± 0.04

96.16 ± 0.08

96.29 ± 0.03

96.62 ± 0.01
	500*

1000*

2000*

4000**
	Trout
	Cheng et al., 2004

	Soybean meal 50% semi-purified based diet 

(P 0.42, Pi 0.22)
	39.93 ± 2.17
	80.77 ± 0.03

87.96 ± 0.89

91.91 ± 0.29

95.05 ± 0.18
	500*

1000**

2000***

4000****
	Trout
	Cheng et al., 2004

	Soybean meal 50% (P 0.42, Pi 0.22)
	31.5
	70.1

78.7

78.9

85.2
	500*

1000*

2000*

4000*
	Trout
	Cheng et al., 2004

	Soybean meal 50% semi-purified based diet (P 0.4, Pi 0.24)
	28.3
	64.9

78.6

81.5

84.2
	500*

1000**

2000**

4000**
	Trout
	Vielma et al., 2004

	Soybean meal 36% practical diet 

(P 0.93, Pi 0.24)
	35.1 ± 15.7
	54.2 ± 7.9
	2000*
	Trout
	Vielma et al 2004

	Soybean meal 55% (P 0.68, Pi 0.24)
	61.8 ± 1.0
	71.7 ± 0.9

72.4 ± 1.5
	500*

1000*
	Trout
	Vielma et al., 2002

	Soybean meal 30% high ash diet 

(P 1.47) 
	P absorption

56
	62
	1000*
	Trout
	Sugiura et al., 2001

	Soybean meal 50% low ash diet 

(P 0.42)
	P absorption

27
	54

68

82

90
	500*

1000**

2000***

4000****
	Trout
	Sugiura et al., 2001

	Soybean meal 15%, DDGS 15% 

(P 0.97)
	80.1 ± 0.0
	87.0 ± 0.1

89.1 ± 0.7

86.3 ± 0.7

87.5 ± 0.1
	300*

600**

900*

1200*
	Trout
	Cheng & Hardy, 2004


Table 3b: Influence of phytase on total phosphorus availability from plant protein-based diets in carnivorous fish: Atlantic salmon (1) stomach, 2) pyloric intestine, 3) mid intestine, 4) distal intestine 

	 Main plant protein 
	P availability (%)
	P availability with phytase

(%)
	Phytase dose

Units/kg
	Species
	Reference

	Canola meal based diet
	63.84 ± 1.23

68.33 ± 1.03
	74.06 ± 0.43

69.15 ± 0.68
	2000*

2000 + Pi
	A. salmon
	Sajjadi & Carter, 2004

	Soybean meal 43%, Wheat 12%

(P 1.1 , phytate 0.95)
	1) 31.2 ± 1.2

2) 31.4 ± 2.1

3) 36.7 ± 1.2

4) 38.1 ± 1.6
	1) 37.2 ± 3.0

2) 33.0 ± 5.0

3) 38.6 ± 1.3

4) 38.9 ± 0.5
	1878


	A. salmon
	Denstadli et al., 2007


Table 3c: Influence of phytase on total phosphorus availability from plant protein-based diets in carnivorous fish: bass, bream and Japanese flounder (*: significantly different from the control without phytase)

	Main plant protein
	P availability (%)
	P availability with phytase

(%)
	Phytase dose

Units/kg
	Species
	Reference

	Soybean meal 30% (P 1.4)
	25.1 ± 0.7

(retention)
	31.8 ± 1.1

36.0 ± 0.9

32.6 ± 0.6

30.7 ± 1.2
	1000*

2000**

3000*

4000*
	Red sea bream
	Biswas et al.,  2007

	Soybean meal 30% (P 1.4)
	54.3 ± 1.6


	76.7 ± 1.5

86.9 ± 0.8

77.2 ± 1.6

79.1 ± 1.9
	1000*

2000**

3000*

4000*
	Red sea bream
	Biswas et al.,  2007

	Soybean 67% (P 0.54, Pi 0.04)
	8.9 ± 3.0
	87.3± 3.8
	Phytase +  citric acid
	Japanese flounder
	Masumoto et al., 2001

	Soy protein concentrate 40%

(P 0.65, Pi 0.06)
Soy protein concentrate 40%

(P 0.96, Pi 0.38)
	1.3 ± 13.9

(retention)


	47.5 ± 3.0

37.6 ± 5.9
	Phytase*
	Japanese flounder
	Masumoto et al., 2001

	Wheat middlings 26%, Soybean 27%

Corn gluten 25% + NaH2PO4 1.5%

(P0.89, Pi: 0.54)
Wheat middlings 21%, soybean 37%, corn gluten 10% (P: 0.71 Pi: 0.17)
	29.7

61.2*
	82.8

64.9

92.5


	800*

1300*

2400*


	Striped bass


	Powers Hughes, 1998



	Soybean meal 41%, CGM 30% (P: 0.58, Pi 0.23)
	45
	56.2
67.1
77.6
	500*
1000**
2000***
	Striped bass
	Papatryphon et al., 1999

	Soybean meal 25.8% (P 1.67)
Basal diet: SBM 0 (P 2.13)
	57.6

62.4
	86.3

87.0
	1000*

2000*
	Korean rockfish
	Yoo et al., 2005

	Soybean meal 34% (P 1.53)
Basal diet: SBM 0 (P 2.13)
	61.8

62.4
	84.0

89.5
	1000*

2000*
	Korean rockfish
	Yoo et al., 2005

	Soybean 67% of CP (P 0.67)
	25.2± 11.0
	79.8± 17.8

71.5± 13.8
	1000*

2000*
	Sea bass
	Oliva-Teles et al., 1998

	Soybean meal 17%, rapeseed meal 10%, peanut meal 10% (P 0.81, Pi 0.2)
	26.0 ± 1.5

(retention)
	36.3 ± 1.5
	200*
	Japanese sea bass
	Ai et al.,  2007


Table 3d: Influence of phytase on phytate phosphorus availability from plant protein-based diets in carnivorous fish: rainbow trout (*: significantly different from the control without phytase, **, ***, **** significant differences between doses)

	Main plant protein
	Phytate P availability

(%)
	Phytate P with phytase

(%)
	Phytase dose

Units/kg
	Species
	Reference

	Canola protein concentrate

(P 2.05  phytate 0.23)
	4.8


	20.6

26.8

45.4
	500*

1500*

4500**
	Trout
	Forster et al., 1999

	Canola protein concentrate

(P 1.6  phytate 0.24)
	-0.8
	30.3
	1500*
	Trout
	Forster et al., 1999

	Soy protein concentrate 50% semi-purified based diet

(P 0.41, Pi 0.28)
	6.28 ± 2.10
	60.67 ± 0.41

75.38 ± 2.69

70.39 ± 0.17

57.25 ± 8.07
	500*

1000*

2000*

4000*
	Trout
	Cheng et al., 2004

	Soybean meal 50% semi-purified based diet

(P 0.42, Pi 0.22)
	0.5 ± 0.09
	52.36 ± 5.11

59.78 ± 7.05

78.33 ± 1.73

67.41 ± 13.7
	500*

1000*

2000*

4000*
	Trout
	Cheng et al., 2004

	Canola protein concentrate

(P 1.6  phytate 0.24)
	-0.8
	30.3
	1500*
	Trout
	Forster et al., 1999

	Soybean meal 30% high ash diet

(P 1.47)
	P absorption

-14
	90
	1000*
	Trout
	Sugiura et al., 2001

	Soybean meal 50% low ash diet

(P 0.42)
	P absorption

-19
	33

56

79

91
	500*

1000**

2000***

4000****
	Trout
	Sugiura et al., 2001

	Soybean meal 15%, DDGS 15%

(P 0.97)
	22.2 ± 6.7
	17.8 ± 2.7

64.1 ± 7.9

53.8 ± 3.2

96.9 ± 4.4
	300

600*

900*

1200**
	Trout
	Cheng & Hardy, 2004


- To improve phosphorus availability from vegetable protein sources in omnivorous fish

Table 4 present the results of total phosphorus availability and the influence of phytase supplementation in omnivorous fish diets. Efficacy of phytase to release phosphorus from phytate has been demonstrated in carp, rohu, Nile and red tilapia, channel catfish, African catfish and Asian catfish. All studies clearly demonstrated the efficacy of phytase supplementation in releasing phosphorus bound to phytate. Phromkunthong et al. (2006) demonstrated that dietary exogenous phytase added to practical tilapia diet could replace added mineral phosphorus. 

Labeo rohita fed 25 and 35% protein, 0 and 3% citric acid and 0 and 500 phytase units per kg feed showed a significant effect of phytase, citric acid and protein level on phosphorus digestibility (Baruah et al., 2005). Li et al. in 2004 have reviewed the trials performed on channel catfish in relation to phytase supplementation in the diet. Results of a tank trial with doses ranging from 0 to 4000 units/kg feed suggested that fungal phytase is effective in improving bioavailability of phytate phosphorus in catfish diets. Another experiment in tanks showed that a dietary phytase level of 250 units/kg feed could totally replace inorganic phosphate supplement in catfish diets without affecting growth, feed efficiency, bone ash and bone phosphorus concentrations. Results show that fungal phytase could effectively increase utilisation of phytate phosphorus by catfish as evidenced by an increase in bone phosphorus and a decrease in faecal phosphorus. Pond studies with fish fed 250 or 500 units or di-calcium phosphate support the laboratory studies.  

Phytase supplementation enhances bone mineralization of fish.  Vielma et al. (1998) have observed that the inclusion of phytase at 1500 units /kg in the diet of rainbow trout improved body ash phosphorus concentration, bone ash as well as plasma inorganic phosphorus concentration. Lanari et al. (1998) fed fish a diet with 33% soybean meal supplemented with phytase at 1000 units per kg feed and compared to fish fed the same diet non-supplemented. They showed that body ash and phosphorus concentration as well as retention were increased in fish fed the supplemented diet. Bone ash and body phosphorus, phosphorus and nitrogen load were not influenced by phytase in large rainbow trout fed a diet supplemented with phytase (Vielma et al., 2000). Atlantic salmon were fed, for 12 weeks, a diet based on canola meal with and without phytase and inorganic phosphorus supplementation.  Results showed an interaction of the phytase and inorganic phosphorus effects on bone ash, bone phosphorus, body phosphorus. Supplementing the diet with phytase, inorganic phosphorus or both resulted in a significant increase for these parameters. No effect on protein digestibility was observed (Sajjadi & Carter, 2004). Significant improvements were found in scale and vertebra phosphorus with 2400 units of phytase as well as on P absorption in striped bass (Powers Hughes & Soares, 1998). 

Table 4: Influence of phytase on phytate phosphorus availability from plant protein-based diets in omnivorous fish (*: significantly different from the control without phytase, **, ***, **** significant differences between doses, CA: citric acid)

	Main plant protein 
	P availability (%)
	P availability with phytase

(%)
	Phytase dose

Units/kg
	Species
	Reference

	Wheat 32.5% Soybean 23.5% Corn 22.5% ,Wheat gluten 11.5%

(P 0.41, Pi 0.15)
	(P utilization)

11.8


	24.5

27.6

31.7

31.6
	500 (940)

750 (1080)

1000 (1455)

1250 (1730)
	Nile tilapia
	Liebert & Portz, 2005



	Wheat 32.5% Soybean 23.5% Corn 22.5%, Wheat gluten 11.5%

(P: 0.45 Pi: 0.18)
+ NaH2PO4 1.5% (P0.81, Pi: 0.53)
	49.1 ± 1.3

69.3 ± 1.3***
	60.1 ± 1.0

71.4 ± 1.1

71.1 ± 0.4

73.9 ± 0.9
	500*

1000**

2000***

4000***
	Nile tilapia
	Portz & Liebert, 2004



	Wheat 32.5%, Soybean meal 23.5%, Corn 22.5, (P:0.45 Pi: 0.18)
+ NaH2PO4 1.5% (P0.81, Pi: 0.53)
	(P utilization)

12.5 ± 0.1

49.5 ± 0.7**
	40.8 ± 0.1

50.0 ± 0.3

51.5 ± 0.5

52.8 ± 0.9
	500*

1000**

2000**

4000**
	Nile tilapia
	Portz & Liebert, 2004



	SBM 45%, Rice bran 18%, cassava 20% (P: 0.79 Pi: 0.34)
 + DCP 1.5%  (P1.11, Pi: 0.66)
	41.2

49.9*
	62.9

63.5
	750**

750 + DCP 0.5%**
	Red tilapia
	Phromkunthong et al., 006

	SBM 45%, Rice bran 18%, cassava 20% (P: 0.79 Pi: 0.34)
 + DCP 1.5% P1.11, Pi: 0.66)
	(P retention)

27.4

39.4*
	43.1

40.9
	750**

750 + DCP**
	Red tilapia
	Phromkunthong et al., 2006

	SBM 52.5%  (P: 0.73 Pi: 0.49)
	32.0
	49.4
	500*
	carp
	Schäfer et al., 1995

	SBM 52.5%  (P: 0.73 Pi: 0.49)
 + MCP 0.8%  (P0.93, Pi: 0.7)
+ MCP 1.6% (P1.16, Pi: 0.9)
	(P retention)

30.4

35.8

37.9
	42.3

47.1

45.1

44.8
	500*

1000*

500*

1000*
	carp
	Schäfer et al., 1995

	Soybean 37.6%, wheat bran 18.7

(P: 1.14 Pi: 0.68)
Control diet Available P : 0 .6%
	27

36.1
	44

51.4

57.2
	750*

1500**

2250**
	carp
	Mai et al., 2002

	25% CP: SBM 20%, Rice products 48%, (P: 0.45 Pi: 0.18)
	69.4 ± 0.3
	75.9 ± 0.4

83.4 ± 2.2
	500 –CA*

500 + CA**
	rohu
	Baruah et al., 2007

	35% CP: SBM 41%, Rice products 23%, (P: 0.45 Pi: 0.18)
	61.6 ± 1.5
	74.2 ± 1.7

82.7 ± 1.9
	500 –CA*

500 + CA**
	rohu
	Baruah et al., 2007

	Soybean 46%, cottonseed 14%, corn 32%  
	31.2
	55.1*

62.5**
	1000

3000
	Channel catfish
	Eya & Lovell, 1997

	SBM 68.5% (P: 0.6 Pi: 0.41)
	(P retention)

29.3
	40.5

68.1

67.6
	380*

750**

1000**
	African catfish (Clarias)
	Van Weerd et al., 1999

	SBM 45.0% (P: 0.41) 


	55.9 ± 1.8
	61.9 ± 1.8

66.1 ± 1.7

72.7 ± 0.2

67.6 ± 0.7

66.9 ± 0.4

71.8 ± 0.4
	150*

250**

350***

500**

1000**

2000***
	Asian catfish Pangasius
	Debnath et al., 2005


- Ingredient–related efficacy

Tables 5a, 5b and 6 present the results of several studies aimed at evaluating the total phosphorus (table 5) and the phytate phosphorus (table 6) digestibilities in feed ingredients. The estimation of phosphorus digestibility of individual ingredients, independent of the diet in which they are included, serves at better estimating the availability of phosphorus for specific formulations. Data have been gathered for trout, tilapia and striped bass. 

Table 5a: Influence of phytase on total phosphorus availability from feed ingredients in rainbow trout (*: significantly different from the control without phytase, **, ***, **** significant differences between doses)

	Main plant protein 
	P availability (%)
	P availability with phytase

(%)
	Phytase dose

Units/kg
	Species
	Reference

	Canola meal
	4.8 ± 12.2
	46.2 ± 7.1
	3.8x10^6
	Trout
	Riche & Brown, 1996

	Canola meal
	12.2 ± 14.3
	41.8 ± 5.9
	500
	Trout
	Cheng & Hardy, 2002

	Rapeseed meal
	-1.0 ± 2.6
	53.8 ± 7.1
	750
	Trout
	Vielma et al., 2006

	SE soybean meal
	-13.4 ± 21.6
	46.6 ± 5.3
	3.8x10^6
	Trout
	Riche & Brown, 1996

	Soybean meal
	48.3 ± 2.6
	85.2 ± 1.9
	750
	Trout
	Vielma et al., 2006

	Full fat soybean
	8.4 ± 3.1

42.6 ± 0.6
	64.4 ± 1.8

55.1 ± 6.4
	3.8x10^6

750
	Trout

Trout
	Riche & Brown, 1996

Verlhac et al., 2007

	Soy protein concentrate
	29.9 ± 5.2
	46.9 ± 4.0
	750
	Trout
	Verlhac, 2007

	Raw soybean
	21.2 ± 0.1
	
	750
	Trout
	Cheng & Hardy, 2003

	Expelled soybean
	
	31.7 ± 6.5
	200
	Trout
	Cheng & Hardy, 2003

	Extruded fullfat soybean 
	12.5 ± 4..8
	81.3 ± 3.4

92.2 ± 0.0

89.7 ± 0.3

95.2 ± 0.6

93.9 ± 0.3
	200*

400**

600**

800**

1000**
	Trout
	Cheng & Hardy, 2003

	Pea meal
	74.1 ± 4.2
	80.3 ± 2.2
	750
	Trout
	Verlhac, 2007

	Faba bean meal
	47.8 ± 1.4
	69.9 ± 2.7
	750
	Trout
	Verlhac, 2007

	Peanut meal
	22.1 ± 3.1
	75.6 ± 2.3
	3.8x10^6
	Trout
	Riche & Brown, 1996

	Corn gluten meal
	30.7 ± 5.2
	76.8 ± 5.3
	3.8x10^6
	Trout
	Riche & Brown, 1996

	Corn gluten meal
	61 ± 
	118 ± 
	750
	Trout
	Vielma et al., 2006

	Cottonseed meal
	Not determined
	56.3 ± 1.8
	3.8x10^6
	Trout
	Riche & Brown 1996

	Sunflower meal
	-0.9 ± 8.4
	45.7 ± 6.5
	750
	Trout
	Vielma et al., 2006

	Barley
	79.4 ± 3.6
	82.7 ± 0.1 
	500 ns
	Trout
	Cheng & Hardy 2002

	Wheat
	61.6 ± 0.4
	64.6 ± 0.1
	500
	Trout
	Cheng & Hardy, 2002

	Corn gluten meal
	45.0 ± 2.6
	72.0 ± 5.6
	750
	Trout
	Vielma et al., 2006

	Lupin seed meal
	65.2 ± 5.6
	84.6 ± 1.5
	750
	Trout
	Vielma et al., 2006


*Soy protein concentrate based diets

Table 5b: Influence of phytase on total phosphorus availability from feed ingredients in tilapia and sea bass (*: significantly different from the control without phytase)

	Main plant protein 
	P availability (%)
	P availability with phytase

(%)
	Phytase dose

Units/kg
	Species
	Reference

	Soybean meal
	47.9 ± 1.2
	76.9 ± 1.2
	750 (1000)*
	Tilapia
	Phromkunthong et al., 2007

	Palm kernel cake
	25.5 ± 1.3
	50.4 ± 1.1
	750 (1000)*
	Tilapia
	Phromkunthong et al., 2007

	Rice bran
	35.2 ± 1.0
	59.5 ± 0.2
	750 (1000)*
	Tilapia
	Phromkunthong et al., 2007

	Corn
	23.6 ± 0.7
	58.25 ± 1.0
	750 (1000)*
	Tilapia
	Phromkunthong et al., 2007

	Cassava
	72.4 ± 1.6
	92.6 ± 2.2
	750 (1000)*
	Tilapia
	Phromkunthong et al. ? 2007

	Isolated soy protein
	48
	74
	1000*
	Striped bass
	Papatryphon & Soares, 2001

	Soybean meal
	59
	87
	1000*
	Striped bass
	Papatryphon & Soares, 2001

	Corn gluten meal
	52
	70
	1000*
	Striped bass
	Papatryphon & Soares, 2001

	Wheat middlings
	-10
	11
	1000*
	Striped bass
	Papatryphon & Soares, 2001


Table 6: Influence of phytase on phytate phosphorus availability from feed ingredients in rainbow trout 

	Ingredient
	Phytate availability

(%)
	Phytate with phytase

(%)
	Phytase dose

Units/kg
	Species
	Reference

	Canola meal
	45.1 ± 3.2
	74.8 ± 0.3
	500
	Trout
	Cheng & Hardy, 2002

	Barley
	14.9 ± 2.8
	100 ± 0.0
	500
	Trout
	Cheng & Hardy, 2002

	Wheat
	12.1 ± 4.0
	93.7 ± 1.7
	500
	Trout
	Cheng & Hardy, 2002

	Wheat middlings
	16.9 ± 3.8
	81.4 ± 3.9
	500
	Trout
	Cheng & Hardy, 2002


- To reduce excretion of phosphorus in effluents

The major regulator of phosphorus metabolism, and ultimately of levels of phosphorus in the effluent from aquaculture is dietary phosphorus. Many studies have shown a clear effect of phytase supplementation in reducing fish phosphorus excretion. Lanari et al. (1998) fed fish a diet with 33% soybean supplemented with phytase at 1000 units per kg feed. Compared to fish fed the same diet non- supplemented, phosphorus released in the environment was significantly reduced by phytase supplementation of the diet. Roy & Lall in 2004 have demonstrated species differences in urinary excretion of phosphorus which would lead to differences in phosphorus load in the aquatic system. 

A phosphorus excretion study performed with Japanese sea bass fed a combination of enzymes including phytase at 200 units /kg showed that the total phosphorus effluent was significantly lower in fish fed the diet supplemented with phytase in comparison to the control when fish were fed to satiation (Ai et al., 2007). Biswas et al. (2007) have shown that phosphorus discharge was reduced in red sea bream fed soybean meal based diets supplemented with phytase. Maximum decrease was obtained at 2000 units /kg feed.  Protein digestibility was significantly influenced by phytase supplementation while protein retention efficiency was not. Sugiura et al. (2001) have also demonstrated that faecal phosphorus decreased significantly in phytase supplemented diets for rainbow trout. The effect was dose dependent. Dietary phytase was effective in reducing phosphorus load of rainbow trout fed a soybean protein concentrate diet (Viema et al., 1998). Vielma et al. (2001) have shown a significant decrease in phytic acid content in faeces from fish fed a practical diet supplemented with 2000 units of phytase per kg feed in comparison to a control fed no phytase. Phosphorus and nitrogen load in water were significantly reduced with phytase supplementation. A decrease in faecal phosphorus concentration was observed in trout fed phytase supplemented diet at 500 and 1000 ppm (Vielma et al., 2002) while no dose effect could be demonstrated. Storebakken et al. (2000) observed that soy protein concentrate based diet induces significantly lower excretion of phosphorus compared to a fishmeal diet in Atlantic salmon. Phosphorus load was also reduced in Atlantic salmon fed a phytase supplemented diet (Sajjadi & Carter, 2004). Li & Robinson (1997) demonstrated a decrease in faecal phosphorus concentration in channel catfish fed a plant based diet supplemented with phytase. Cho & Bureau have reviewed in 2001 the diet formulation strategies and feeding systems aimed at reducing excretory waste and feed wastes in aquaculture.  

- To improve other nutrient and mineral availability

Phytase supplementation also enhances digestibility of minerals which were bound to phytate. Indeed, zinc apparent digestibility was significantly improved by addition of phytase to a semi-purified diet containing 50% soybean meal fed to rainbow trout while no dose effect was observed (Cheng et al., 2004). Dietary phytase increased the apparent availability of protein, ash, Ca, Cu, Mg, Fe, Str and Zn in low ash diets while little effect was observed in high ash diets (Sugiura et al., 2001). No effect of phytase was observed on Zn availability in rainbow trout fed a diet supplemented with 500 or 1000 units /kg feed (Vielma et al., 2002).  Fish fed dried distillers grain soluble (DDGS) supplemented with phytase at graded doses had no difference in fish body composition. Phytase was effective in releasing most minerals and trace mineral supplementation level could be reduced when phytase was used in rainbow trout diets (Cheng & Hardy, 2004). Whole body and plasma phosphorus concentrations were also higher in Japanese flounder fed a supplemented diet in comparison with fish fed the un-supplemented diet (Masumoto et al., 2001). The effect of phytase on zinc availability has not been clearly demonstrated. 

Vielma et al. (2001) have shown a significant increase in protein digestibility in rainbow trout fed a practical diet supplemented with 2000 units of phytase per kg feed. No significant effect was found on lysine digestibility. No effect on protein digestibility  was observed in rainbow trout fed a diet supplemented at 500 or 1000 units /kg feed (Vielma et al., 2002).  Protein digestibility was significantly influenced by phytase supplementation while protein retention efficiency was not in red sea bream fed soybean meal based diets supplemented with graded doses of phytase (Biswas et al., 2007). 

The influence of phytase on fish performance has been demonstrated in some cases. Indeed,  

Vielma et al. (1998) showed that the inclusion of phytase at 1500 units /kg feed in comparison to 0 units /kg improved the weight gain of rainbow trout.  No significant effect was found on Zn and lysine digestibility while a significant effect was found on specific growth rate and feed conversion ration of trout fed phytase supplemented diet at 2000 units per kg feed containing 55% of soybean meal (Vielma et al., 2001). No effect of phytase was observed on performance of large rainbow trout fed a diet supplemented with phytase at 1000 units per kg feed (Vielma et al., 2000). Fish fed dried distillers grain’ soluble (DDGS) supplemented with phytase at graded doses had no difference in growth and feed conversion. There was no difference in apparent nutrient retention (Cheng & Hardy, 2004). 

Japanese flounder were fed phytase supplemented to soy protein concentrate based diet for 50 days. 

No effect on growth performance, protein digestibility, energy retention of phytase could be determined in relation with phytase supplementation in sea bass (Oliva-Teles et al., 1998). 

Body ash and phosphorus increased with phytase or monocalcium phosphate dietary supplementation of carp. No effect was observed on protein digestibility. Phosphorus excretion was reduced by 30% with phytase supplemented diets compared to monocalcium phosphate dietary supplemented diets (Schäfer et al., 1995). Gao et al. (2006) have evaluated the application of phytase in diets of grass carp. Average daily gain, feed intake and feed conversion could be improved while mortality was reduced. The supplementation of grass carp diet with 500 or 1000 phytase units/kg could enhance phosphorus utilization and decrease phosphorus excretion. 

A significant effect of phytase supplementation was also demonstrated in a new species of commercial interest, Asian catfish (Pangasius). Whole body and bone mineralization were enhanced by phytase supplementation. Mineral absorption was significantly higher in the phytase groups than in the control group (Debnath et al., 2005). It was observed that a minimum dose of 250 units of phytase improved the mineral absorption and utilisation of Pangasius.  Bone ash contents increased when phytase was added at 500 units/kg feed. The effect of phytase at 8000 units/kg feed was studied in African catfish fed a raw soybean based diet. No effect was observed on performance but feed conversion was improved. Body phosphorus, Ca, Mn were significantly increased with phytase while no difference was observed with Mg and Zn. Faecal concentrations of all minerals evaluated were decreased in faeces (Nwanna et al., 2005). Li et al. (2004) have reported studies performed to assess the activity of phytase supplemented to catfish diets. The first experiment showed that above 500 units/kg feed, phytase influenced feed consumption and weight gain of catfish in comparison with fish fed a basal diet without phytase. Bone ash and phosphorus concentrations were higher in fish fed 2000 units/kg compared to those fed the basal diet. There was also a trend of decreased faecal phosphorus levels with increasing phytase dose. The second experiment showed that fish fed 250 units /kg had a high feed consumption, weight gain, and feed conversion ratio that those fed a basal diet without phytase. Bone ash and phosphorus levels were higher and faecal phosphorus lower in fish fed phytase diets. Fish fed di-calcium phosphate consumed the same amount of feed as phytase treated diets but had intermediate weight gain and feed conversion ratio as compared to the fish fed the basal diet and phytase diets. Bone ash from fish fed di-calcium phosphate was lower than fish fed the diet containing 750 units of phytase. Fish fed di-calcium phosphate had a lower bone P level and a higher faecal P content than those fed phytase. 

- Combined effects with other feed additives

The influence of other feed additives in combination with phytase has been investigated. Vielma et al. in 1998 have studied the influence of feeding vitamin D3 in combination with phytase. Results showed that both phytase and cholecalciferol significantly increased the hepatic cholecalciferol concentration. However, high levels of cholecalciferol have not beneficial effect on phosphorus utilisation. There was no evidence that vitamin D supplementation could stimulate the hydrolysis of phytate and in combination with phytase supplement, further improves phytate P absorption in trout. 

Baruah et al. (2005, 2007) have investigated the combined effect of phytase and citric acid on mineral availability and bone mineralization in Labeo rohita. The addition of citric acid to plant based diets increased the bioavailability of minerals, thereby increasing bone mineralization. The effect of phytase increased due to the addition of citric acid. Results from Baruah et al (2007) suggest that microbial phytase and citric acid in a suboptimum crude protein diet had a synergistic effect on nutrient digestibility and growth performance of Labeo sp...

Dietary acidification with citric acid inhibited the effect of phytase in high ash diets while in low ash diet, the opposite was observed. The addition of citric acid enhanced the efficacy of the enzyme. (Sugiura et al 2001). 

E. Estimation of available phosphorus content of diets

Accurate estimation of available phosphorus content in feed ingredients is essential in formulating diets that meet nutritional requirements of fish, but minimise phosphorus waste output from aquaculture operations. Hua & Bureau (2006) have created a model to estimate available phosphorus content of salmonid fish feed based on levels of different phosphorus types by integrating data from 22 studies, considering the different types of phosphorus such as bone phosphorus, phytate, organic phosphorus, Ca monobasic, Na/K inorganic phosphorus supplement and Ca dibasic supplement. 

The following model was established: 

P= 0.68 bone-P + 0.84 organic P + 0.89 Ca monobasic, Na/K Pi + 0.64 Ca dibasic + 0.51 phytase/phytate – 0.02 (phytase/phytate) ² - 0.03 (bone P) ² -0.14 bone P* Ca monobasic, Na/K Pi (P<0.0001, R²=0.96). 

From a more practical standpoint, precise formulation of diets, regardless of the nutrient in question, requires knowledge of:

- A reliable estimate of the nutrient requirement 

- The availability of that nutrient in feed ingredients. 

With this in view, information regarding phosphorus availability from feed ingredients for the target species is required. A database on phytate phosphorus and total phosphorus content of the main feed ingredients used worldwide is being developed (Figure 1). Furthermore, we have measured the % of phosphorus released by some of the individual ingredients in rainbow trout (Table 7) and other species. 

An attempt is currently made to correlate the estimates of phosphorus release in individual ingredients with mixtures of the same ingredients (Vielma & Verlhac 2007). 


[image: image1]
Figure 1:  Phytate phosphorus and total phosphorus of main raw materials of plant origin used in aqua feeds

Table 7: Phosphorus released by 750 units of phytase per kg feed for several individual ingredients evaluated in rainbow trout (in % of feed ingredient)

	Ingredient
	P release in % of feed ingredient
	Phytase dose
	Species
	Reference

	Rapeseed meal
	0.63
	750
	Trout
	Vielma et al., 2006

	Soybean meal
	0.25
	750
	Trout
	Vielma et al., 2006

	Corn gluten meal
	0.08
	750
	Trout
	Vielma et al., 2006

	Lupin seed meal
	0.07
	750
	Trout
	Vielma et al., 2006

	Sunflower meal
	0.61
	750
	Trout
	Vielma et al., 2006

	Pea
	0.02
	750
	Trout
	Verlhac et al. 2007

	Faba bean
	0.11
	750
	Trout
	Verlhac et al. 2007

	Soy protein concentrate
	0.12
	750
	Trout
	Verlhac et al. 2007

	Fulfat soya
	0.06
	750
	Trout
	Verlhac et al. 2007


F. Conclusion

The use of vegetable protein sources (meals or concentrates) in aqua feeds is increasingly attractive due to the lower cost of these protein sources compared to that of fish meal as well as to the fact that they are renewable and therefore sustainable resources. The optimisation of the availability of these protein sources to aquatic species requires the use of phytase in order to maximize performance and minimize phosphorus excretion in the environment.   
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