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I. Executive Summary 

This document considers various types of plant feedstuffs which currently are or potentially may be incorporated into aquafeeds to support the sustainable production of various fish species in aquaculture.  The nutritional composition of these various feedstuffs are considered along with the presence of any bioactive compounds that may positively or negatively affect the target organism.  Specific strategies and techniques to optimize the nutritional composition of plant feedstuffs and limit potentially adverse effects of bioactive compounds are also described.  Such information will provide a foundation for developing a strategic research plan for increasing the use of plant feedstuffs in aquaculture to reduce dependence of animal feedstuffs and thereby enhance the sustainability of aquaculture.       
II. Introduction/justification for increased use of plant products in aquaculture 

Many studies project a significant increase in farmed-fish production over the next 15 years (Griffis 2004). The challenge facing the aquaculture industry is to identify economically viable and environmentally friendlier alternatives to fish meal and fish oil on which many present aquafeeds are largely based. While the supply of fish meal and oil is arguably sustainable, the anticipated growth internationally in aquaculture is expected to exceed the supply in the next decade.  Thus, the aquafeeds industry has recognized for several years that viable utilization of plant feedstuffs formulated in aquafeeds for the production of cold, cool and warmwater aquatic species is an essential requirement for future development of aquaculture. Such plant feedstuffs must provide healthy diets that will effectively grow aquatic species with minimal environmental impact in a cost-effective manner. As the aquaculture industry continues to grow on a global scale, access to key feedstuffs, such as fish meal and oil, will become increasingly limited because of a finite wild-harvest resource.  In addition to concerns about the sustainability of fisheries resources, other issues including the potential presence of organic and inorganic contaminants in fish meal and the net effect of demand-and-supply economics in the global market require enhanced efforts to thoroughly evaluate reasonable alternatives such as various plant feedstuffs.  

The U.S. soybean industry has identified the potential demand for plant protein in aquafeeds as an opportunity to increase the use of U.S. soybeans.  Since 1995, the United Soybean Board (USB) has funded market development activities, primarily in China. This program has increased demand for soybean meal for farm-raised fish from almost zero to an estimated five million metric tons (mmt) in 2005.  In 2002, USB created a Managed Aquaculture Program, the Soy-in Aquaculture-Initiative (SIA), with the joint objectives of expanding its marketing initiative and conducting research on the factors in soybean meal that limit its use in salmonids. Nevertheless, there are still unidentified biologically active compounds that limit the

amount of soybean meal and other plant feedstuffs in diets of carnivorous species, including most marine species of commercial importance (existing or potential) as well as salmonids. For reasons that are not clear, carnivorous species have limited tolerance to soybean meal that ranges from none in Chinook salmon (Oncorhynchus tshawista) to possibly somewhat higher in diets for rainbow trout, Oncorhynchus mykiss (Olli and Krogdahl 1994), and Atlantic salmon, Salmo, salar (Olli et al. 1994b; Bæverfjord and Krogdahl 1996; Krogdahl et al. 2003). The salmon industry is clamoring for a stable source of protein in terms of cost and supply, and such a supply would benefit other established and emerging sectors of the aquaculture industry as well. 


USB recognizes that a strategic approach to increasing the use of plant feedstuffs in aquaculture is needed. To that end, a preliminary meeting was organized at Aquaculture America in 2004. A subsequent meeting was held in June 2005 in Twin Falls, ID, where 22 researchers assembled to form the Plant Products in Aquafeed (PPA) Working Group which is compiling this white paper to aid in the development of a strategic research plan. A strategic planning meeting will be hosted by the USDA/ARS National Center for Cool and Cold Water Aquaculture on November 20-22, 2005 with support from USB, the National Oceanic and Atmospheric Administration and USDA/CSREES. This strategic plan will include short-, intermediate-, and long-term goals for basic and applied research to increase the use of plant products in aquafeeds along with strategies for achieving those goals that likewise range in timeframe. It will build on scientific advances from previous efforts and will be presented to the USB-Aquaculture Industry Coalition during Aquaculture America, February 2006. USB would like to acknowledge all the experts who have contributed to this white paper. Without the cooperation and expertise demonstrated in this effort, progress toward the objectives outlined here would not be possible.
III. Targeted nutritional and non-nutritional characteristics (including cost) of plant-derived feedstuffs for inclusion in aquafeeds 

Fish meal has been the protein source of choice in aquafeeds for many reasons, including its high protein content, excellent amino acid profile, high nutrient digestibility, general lack of antinutrients, relative low price, and its wide availability.  Plant-derived feedstuffs all have some characteristics that place them at a disadvantage to fish meal in terms of their suitability for use in aquafeeds.  However, demand for protein ingredients is expected to exceed the annual world supply of fish meal in the next decade, and this increased demand will change the economic and nutritional paradigms that up to now have resulted in high use levels of fish meal in aquafeeds.  


To be a viable alternative feedstuff to fish meal in aquafeeds, a candidate ingredient must possess certain characteristics, including wide availability, competitive price, plus ease of handling, shipping, storage and use in feed production.  Further, it must possess certain nutritional characteristics, such as low levels of fiber, starch, especially non-soluble carbohydrates, and antinutrients, plus have a relatively high protein content, favorable amino acid profile, high nutrient digestibility, and reasonable palatability.  Although some plant-derived ingredients, such a soy protein concentrate or wheat gluten, possess most of these characteristics, they are currently too expensive relative to fish meal to be used in most aquafeeds.  It is likely that a combination of plant-derived feed ingredients will be required to replace fish meal, and that  supplements, such as amino acids, flavorings, and possibly exogenous enzymes, will be needed to produce aquafeeds without fish meal that support growth rates necessary for economic production of farmed fish. Table 1 summarizes the nutrients found in fish meal (expressed on an as-fed basis), and the range of nutrient concentrations that alternative ingredients should have to be viable alternatives to fish meal.  Various grain and oilseed crops are grown in the U.S., and their recent production is summarized in Table 2.
IV. Candidate plant products for increased use in aquafeeds 

a. Soybean 


Soybean, Glycine max, is the leading oilseed crop produced globally and its projected production for 2004-2005 is expected to exceed 200 mmt.  A large part of this production is used in the extraction of oil yielding a cake of high protein quality.  This is processed to yield a wide array of soybean products, such as soy flour, soybean meal (SBM), soybean protein concentrate (SPC), and soy protein isolate (SPI) that have been evaluated in fish.  Full-fat SBM (heat-treated whole soybeans) also has been evaluated in fish.  SBM has been the predominant form of soybean used and is available either as dehulled (( 48% crude protein) or with hulls added (( 44% crude protein) (NRC 1993).


Soy products are regarded as economical and nutritious feedstuffs with high crude protein content and a reasonably balanced amino acid profile.  However, certain nutritional characteristics and the presence of several antinutritional factors merit discussion.  Concentrations of the 10 essential amino acids (EAA) and tyrosine are generally lower in SBM than in fish meal with the exception of cystine which is present at higher concentrations in SBM.  The EAA of concern are lysine, methionine and threonine that may be limiting in soy-based diets fed to aquatic animals.  Concentrations of these EAA increase with processing of soy flakes to SPC and SPI and approach or exceed those found in fish meal.  However, due to the processing costs involved, these products are not yet economical for large scale use in aquafeeds.  Crude fat and ash concentrations of solvent-extracted SBM and other soy products tend to be lower than those in fish meal, but carbohydrate concentrations tend to be higher.  Lower ash and fat concentrations in soy products can be overcome by appropriate supplementation with mineral premixes and lipids, but high concentrations of carbohydrates remain an area of concern.  Carbohydrates in soybeans are largely present as oligosaccharides such as sucrose, raffinose and stachyose.  Sucrose is generally available to aquatic animals, but raffinose and stachyose are not digestible due to a lack of (-galactosidases that are necessary to metabolize these complex sugars.  An added concern is the low availability of phosphorus and cationic minerals that are largely unavailable due to their being bound in or by phytic acid.  The addition of the enzyme phytase to feeds has been shown to improve phosphorus and cationic mineral availability.  There are differences in concentrations of vitamins between soy products and fish meal.  Vitamin availability data in fish are scarce and feeds are generally fortified with vitamins assuming minimal availability from feedstuffs (NRC 1993).

b. Barley 

Barley, Hordeum vulgare, is grown for multiple purposes including animal feeds, human food, malting for the production of alcoholic beverages or inclusion in extracts and syrups for adding flavor, sweetness and color to a variety of prepared foods.  Barley is a short-season, early- maturing crop grown on both irrigated and dry land production areas in the U.S., primarily in the Northern Plains states and the Pacific Northwest. The U.S. is the seventh-largest barley producing country in the world, but is in the top five of exporting countries.

Feed barley is included in rations for many animal species, but has not been widely used in aquafeeds.  Several factors have limited its use, but improvements in crop genetics (section VII, b) and processing technology (section VII, a) are improving the value of this ingredient for aquafeeds.  New varieties are available including hull-less (lower fiber) and low phytic acid varieties (Bregitzer 2005), both of which will help the aquaculture industry decrease nutrients and solids in effluent.

Waxy type varieties also are available in which the ratio of amylose to amylopectin has been altered.  This may have a positive effect on energy availability (Rawles et al. 2001), but also affects the ease of manufacturing.  The waxy barley provides considerable binding capabilities for feeds produced by cooking extrusion.  This is beneficial for the production of high protein and energy diets, because less carbohydrate is needed for pellet production (Barrows and Hardy 2001).

While barley contains a good nutrient profile in its native state, the co-products resulting from the development of other products will allow such barley co-products to be included in higher amounts in aquafeeds.  For example, although corn has been the traditional source of feed-stock for ethanol production, barley also shows considerable promise (Hicks et al. 2004).  In the Northern Plains and Pacific Northwest, barley may be the most economical source of fermentable carbohydrates for ethanol production.  Methods are being developed to concentrate the protein from barley prior to fermentation for ethanol production (Flores et al. 2004).  Due to the amino acid pattern and protein content, this protein concentrate will be of high value to the aquaculture industry.  

Barley also contains high levels of (-glucans which have been shown to have strong health benefits (Lupton et al. 1994, Jenkins et al. 2002).  Barley can be consumed directly to obtain these benefits, but (-glucans are being extracted, purified and manufactured into pills for the nutritional supplement industry.  This process, like ethanol production, will result in a protein concentrate as a co-product with high nutritional value. 

c. Canola


Canola, Brassica rapa, is produced from cultivars of rapeseed that have been bred to contain low levels of glucosinolates, a group of antinutrients that interfere with normal thyroid function.  Canola seed is an oilseed, and canola oil is the primary product of its cultivation.  After oil is extracted and the solvent removed, the resulting meal (10% moisture) contains about 3.5% residual oil, 35% crude protein, 6% ash and 12% crude fiber on an “as-is” basis.  It also contains about 4% phytic acid and 15 umoles of glucosinolates/g.  The price of canola meal is linked to that of soybean meal, and reflects the protein content of the meal.  Canola meal is not widely used in aquafeeds in the U.S. as it is not widely available, but is used in Canadian aquafeeds.  


Canola meal can be further processed to produce a protein isolate, called canola protein concentrate (CPC).  CPC has been widely tested as a protein source for salmonids and other carnivorous species of farmed fish.  As the primary protein source in aquafeeds for salmon and trout, CPC supports growth rates similar to those of fish fed fish meal-based diets, as long as amino acid supplements are used to overcome limiting amino acid levels and providing feeding stimulants, such as betaine, are added to the diet to overcome reduced intake.  CPC has a protein content similar to high-quality fish meal.  At present, CPC is not widely available for use in aquafeeds, and market prices have not been established.

d. Corn


Production of corn, Zea mays, is higher than any other grain or oilseed in the U.S., but in contrast to other grains, only a small percentage of annual production is consumed directly by humans.  Corn oil is the primary food product of corn production but most corn grown in the U.S. is fed to livestock as an energy source but an ever increasing amount is going to ethanol production.  Corn starch is used to produce over 400 products, including ethanol, paper coatings, and corn syrup, a widely used sweetener in foods and beverages.

In the wet milling process the corn kernel is separated into its main components, bran/fiber, germ, gluten and starch.  The oil is separated from the germ and the remaining corn germ meal is used as an ingredient or added to corn gluten feed.  The gluten protein is concentrated, filtered and dried to form corn gluten meal.  The commonly traded corn gluten meal is guaranteed to contain a minimum of 60% protein on an “as-is” basis.  Refined and purified corn gluten protein can have a crude protein content of 70-73% crude protein but there are limits in the commercial production process so these levels can not be met.  A higher crude protein corn gluten meal would be more suitable product for use in aquafeeds although the price would be higher than commercially traded corn gluten meal.   Economic and marketing analysis is required to determine if the production of a high-protein corn gluten meal is warranted.


Corn gluten meal is currently widely used in aquafeeds for salmon and several marine species such as European sea bass, Dicentrarchus labrax, and gilthead sea bream, Sparus aurata.  Corn gluten meal protein is highly digestible, but deficient in the essential amino acid lysine.  This characteristic, and its crude protein content, result in upper inclusion limits of 20-25% of diet for corn gluten meal in aquafeeds for salmon and marine fish.  Generally, use levels are in the 10-15% range.


Corn distillers dried grains with solubles (DDGS) is the ending co-product of ethanol production.  Conventional DDGS contains 28-32% crude protein and is relatively high in fiber content which limits its use in aquafeeds.  Ethanol production is expected to increase substantially in the U.S., and research is underway to explore the possibility of removing protein and fiber from starch prior to using the starch to produce ethanol.  If this approach becomes widespread, corn protein concentrate may become more readily available for use in aquafeeds.

e. Cottonseed 

Cottonseed, Gossypium hirsutum, is the third leading legume seed by weight (after soybean and rapeseed) used worldwide.  Due to its high protein value for human consumption (Alford et al. 1996) and animals, as well as low market price in comparison to other legumes and fish meal, cottonseed meal (CSM) consequently has an immense potential for incorporation in high-protein aquafeeds. The results of numerous studies evaluating CSM in catfish, salmonid and tilapia diets indicate that between 10 and 30% of solvent extracted, 40% protein CSM can be used in aquaculture diets without growth depression. However, these studies most frequently used the strategy of replacing one plant protein source with the other; whereas, more challenging and profitable would be to replace fish meal, or other animal protein sources. Lee et al. (2002) used an approach to entirely replace fish meal with a mixture of animal by-product and both SBM and CSM in diets for juvenile rainbow trout with extremely positive results. However, the authors also pointed out that the source of CSM and related processing influences utilization of CSM in fish diets.  Lee et al. (2005) summarized a series of studies in rainbow trout where CSM replaced fish meal entirely over the 3-year period without significantly impacting growth rate of female and male rainbow trout, although diets with CSM had significantly lower protein and phosphorus assimilation. In one study, channel catfish, Ictalurus punctatus, were raised at high densities in earthen ponds and fed to satiation a diet containing 51% CSM with supplemented lysine (0.65%). Results indicated growth rate, dressout percentage and chemical composition of the fillets did not differ significantly from fish fed diets containing SBM (42%) (Robinson and Li 1994). Fowler (1980) demonstrated that up to 34% of CSM can be used in the diet for two Pacific salmon species to replace SBM without growth depression.

f. Peas/lupins 
Peas, Pisum sativum, and lupin, Lupinus sp. are common plant ingredients either already being used or considered for use in aquafeed for marine and freshwater fish throughout the world (Allan and Rowland 1994, Allan et al. 2000, Thiessen et al. 2003a, Dias et al. 2004, Glencross et al. 2003a, 2003b, Glencross et al. 2004a, 2004b).  Both products are produced in significant quantities throughout the world.  The 2004 production levels of peas and lupin were 9.1 and 1.0 mmt, respectively (FAOSTAT 2005).  U.S. production of peas in 2004 was 0.9 mmt, while lupin production was insignificant for the same period.  

The nutrient profile of peas and lupin (Table 3) indicate that that they have the potential to replace significant proportions of fish meal protein in aquafeeds. When compared to animal meals such as fish meals, meat and bone meals and poultry meals, the protein content of peas and lupin are moderate, lysine and methionine are limited, and both contain high levels of carbohydrate (Allan et al. 2000).  Carbohydrates are the primary component of peas and lupin (Table 3).  Starch is the predominant energy reserve carbohydrate in peas, and may comprise approximately 55% of the total seed.  In contrast, lupins contain insignificant levels of starch (< 3%), with non-starch polysaccharides (NPSs) such as (-(1,4)-galactan acting as the primary energy storage carbohydrate (Anon 1992, van Barneveld 1999).  In general fish do not have the capacity to metabolize NSPs of plant origin (Stickney and Shumway 1974, Kuz’mina 1996).

Studies investigating the nutritional value of peas and lupin as fish meal protein replacers for aquafeeds have been favorable.  Thiessen et al. (2003a) reported protein apparent digestibility coefficient (ADC) values in excess of 90% for a range of pea products for rainbow trout, and also demonstrated that dietary levels of 25% dehulled peas could be used to replace soybean meal.  Allan et al. (2000) reported excellent protein ADC values from lupin (>95%) by the freshwater silver perch, Bidyanus bidyanus.  While Glencross et al. (2003b) reported protein ADC values of >95% for a range of lupin varieties by the red sea bream, Pagrus auratus.  Glencross et al. (2003b) also reported acceptable growth of juvenile red sea bream when fed lupin at up to 60% of diet.  In all of the above-mentioned studies energy ADCs were low for pea and lupin products (range 51-78%).  This is indicative of the high level of indigestible carbohydrates present in these products.

g. Wheat
Wheat (Triticum aestivum L. and T. diccoides, var. durum) is widely produced in the U.S. and unlike other cereals has at least six large subdivisions of cultivars that are based on end-use properties of the grain.  Current production of bread wheat (T. aestivum) in the U.S. is approximately 60 mmt (NASS http://usda.mannlib.cornell.edu/usda/).  Although wheat is primarily milled for human consumption, 7 to 9 % of U.S. production is used in animal feeds as grain and nearly all of mill feed (the 20 to 25% of kernel that is a by-product of flour production) are used in animal diets.  The functional characteristic of wheat that differentiates it from other cereals grains is the presence of large seed storage protein that forms the cross-linking networks of gluten when hydrated flour is mixed.  Gluten gives dough it elastic characteristics and the ability to retain gasses produced by leavening agents.  Gluten is also an effective binder of aquafeeds because of its strength and limited water solubility.  Traditional preparations of wheat for diets have utilized flaking (roll milling) of whole grains or pelleting of mill feed and grains.  A rapidly increasing use of wheat in Europe and North America is cereal fractionation, the separation of vital wheat gluten from other seed components and further decomposition into starch, soluble fiber, and oil.  Although still a relatively small portion of total usage in North America (<1%), usage of components is increasing driven by baking industries that are seeking greater control over the finished product either for quality control or nutritional marketing.  The availability of wheat fractions could increase the flexibility of formulations for aquaculture, particularly for feed mills and aquaculture areas proximal to grain fractionation facilities.

The wheat kernel in publications of composition often is assumed to be 12% protein by weight at 12% moisture (FAO 1970, Bushuk and Wrigley 1974).  However, grain used in animal diets often is composed of less costly soft wheats which tend to be low in protein as a class (<10%) or lower protein lots (<11%) of hard endosperm wheat that failed to make milling grade.  Like other cereals, whole grain wheat is primarily an energy source based on its high starch composition (typically >70%) rather than a source of protein.  In addition to protein and starch, wheat kernels are approximately 2% crude fiber and less than 2% ash (Martin et al. 1976).  The greatest components of the ash fraction are potassium (0.40), phosphorus (0.38%), and sulfur (0.20%), with calcium (0.04 to 0.05%) as a relatively minor mineral constituent (Martin et al. 1976, Guttieri et al. 2004).  Phosphorus in wheat is primarily sequestered in the aluerone layer in phytin, phytic acid with chelated metal ions.  Phytic acid mutants in wheat can significantly reduce phytic acid concentration and enhance inorganic phosphorus levels that are nutritionally more readily available in the diet (Guttieri et al. 2004).  However, previous work in grain crops (Raboy and Dickenson 1993) and more recent studies in wheat and barley suggest that reducing phosphorus fertilization may reduce overall phytic acid levels in cereals while increasing nutritionally available phosphorus.

Protein quality in wheat is similar to other cereals with glutamic acid accounting for 30% of total protein weight (FAO 1970).  Nutritionally important amino acids, lysine and methionine are relatively minor constituents of the total, 3% and 1.5%, respectively (FAO 1970).  The amino acid composition of mill feed is improved over whole grain because the proteins are primarily enzymatic and structural proteins derived from the bran and embryo rather than the storage proteins of the endosperm.  Wheat embryo proteins contain as much as 8% lysine and 2% methionine (Pomeranz et al. 1970).  Mill feed, however, has several drawbacks in aquafeeds.  First the energy quotient is reduced because most of the digestible carbohydrate is removed in the production of flour.  Secondly, the glutenin and gliadin storage proteins that form gluten are also removed in the milling process with the remaining proteins of the bran generally of poorer value for use as a feed binder.  The remaining mill feed is high in crude fiber (~10%, Martin et al. 1976) of limited digestibility for monogastric animals and has a more concentrated phytic acid composition that reaches nearly 0.5% of total weight (Gutteri et al. 2004).  

V. Bioactive compounds in and/or nutritional limitations of plant products 
A. SOYBEAN 

1. Carbohydrate fractions


Non-starch polysaccharides.  Soybeans are characterized by a high content of non-starch polysaccharides (NSPs) and negligible starch. The high NSPs content represents a major challenge for the use of soybean products in fish diets. This fraction provides marginal energy for the fish due to limited microbial fermentation, and may negatively affect nutrient utilization and reduce feed efficiency.  A review of soy products (Storebakken et al. 2000) indicated raw soybeans contain in the range of 20% NSPs, approximately one-third of which are soluble and another fraction is highly viscous. Elevated fecal water content has been reported in salmonids when fed diets with SBM (Olli et al. 1994a, Refstie et al. 1998, Storebakken et al. 1998), which probably in part is related to the NSPs content of SBM. Furthermore, Refstie et al. (1999) attributed a trend of reduced digestibility of fat and protein in both Atlantic salmon and broiler chickens to increased intestinal viscosity due to dietary soybean NSPs. Soybean NSPs increased the viscosity of the intestinal contents of chickens, which is an indicator of, and possibly a major reason for, the disturbed absorption of nutrients in birds fed diets rich in soluble NSPs such as mixed-linked (-glucans from barley (Almirall et al. 1995) and arabinoxylans in rye (Bedford and Classen 1992) or wheat (Choct et al. 1996). In some fish, however, soybean NSPs have been shown to increase intestinal and fecal water contents without affecting the intestinal viscosity. In spite of this, the antinutritional effects were the same including reduced digestibility of fat and nitrogen with soy products containing the most NSPs. Similar but more severe effects on nutrient absorption and fecal water content occur in rainbow trout when using NSPs such as guar gum and alginates as binders in aquafeeds (Davies 1985, Storebakken 1985, Storebakken and Austreng 1987).


The antinutritional actions of soluble NSPs still are not fully understood. Increased viscosity of the intestinal contents may subsequently impair diffusion and convective transport of digestive enzymes and substrates within the gastrointestinal contents. However, antinutritional effects also probably are associated with binding or trapping of and subsequent increased fecal excretion of steroids, in particular bile acids, as seen with galactomannans in rats (Levrat et al. 1996, Favier et al. 1997, Moundras et al. 1997). As NSPs do not appear to affect intestinal viscosity in fish, this latter effect may be responsible for the reduced nutrient absorption with NSPs-rich diets. NSPs also may have similar effects as do oligosaccharides on water balance in saltwater fish; these effects could be additive when feeding diets with oligosaccharide-containing soy meals. Increased drinking has been indicated by an increase in fecal output of sodium in Atlantic salmon fed diets with high amounts of oligosaccharide-free soy protein concentrate, independent of dietary phytate concentration (Storebakken et al. 1998). 

Oligosaccharides. SBM contains oligosaccharide levels of up to 15% (Russett 2002).  In contrast, oligosaccharide levels in soy protein concentrate are ~3% (Russett 2002).  Stachyose and raffinose are the two most predominant oligosaccharides in SBM.  Oligosaccharides commonly found in SBM have been reported to be indigestible to fish (Refstie et al. 1998).  They also have been reported to increase the viscosity of the chime in the digestive tract and interfere with the uptake of nutrients, particularly fat and minerals, in salmonid species (Refstie et al. 1998, 2005).  The oligosaccharide component of SBM also has been linked with reduced growth performance (Refstie et al. 1998) and the occurrence of SBM-induced enteritis in several salmonid fish species (Ingh et al. 1991, 1996, Bureau et al. 1998). In Atlantic salmon the enteritis develops rapidly the first weeks of exposure even at soybean meal inclusion levels as low as 10 % of diet and regresses to apparently normal histology three weeks after introduction of a diet without soybean meal (Bæverfjord and Krogdahl 1996).  Ingh et al. (1996) fed Atlantic salmon a series of diets containing 26% SBM that had been exposed to a range of heat treatments to denature trypsin inhibitor as well as a fish meal-based diet in which the alcohol-soluble components of SBM were added back, and two control fish meal diets containing no soy products. Control diets failed to induce any morphological changes in the intestinal tract; whereas, morphological changes were evident in all fish fed diets containing SBM and the diet containing the alcohol-soluble extract.  The alcohol-soluble extract contained oligosaccharides saponins and possibly low levels of other antinutrients, known as well as unknown.  Ingh et al. (1996) suggested that the anti-nutritional factor was in the alcohol soluble component of the SBM and concluded that either saponins or oligosaccharides were possible candidates. However, in a trial screening with isolated soybean antinutrients, neither oligosaccharides, trypsin inhibitors, saponins nor lectin showed any enteritis inducing effect (Krogdahl 1996).

As soybean oligosaccharides are indigestible and are linked with reduced nutrient uptake and growth performance as well as the occurrence of soybean-induced enteritis, ultimately it would be desirable to have a soybean product where the oligosaccharide component has been altered or removed completely.  Fermentation, by either bacterial or fungal organisms (Refstie et al. 2005, Rick Barrows personal communication), may be used to reduce the negative effects of soybean oligosaccharides on nutrient digestibility and growth performance in fish.  Oligosaccharides also may be removed during the production of SPC.
2. Seed proteins including antigenic compounds, protease inhibitors and lectins

Often, when SBM inclusion in aquafeed exceeds a certain level, impaired utilization occurs due to reduced feed intake, growth and development of intestinal enteritis (Olli et al. 1996, Bakke-McKellep et al. 2000). These conditions may be related to protein toxicity by antimetabolic proteins such as lipoxygenase, lectins, urease and trypsin inhibitors as well as possibly an immunological-based food intolerance that is essentially a food allergy.  Trout and salmon fed diets containing high levels of soybean meal, for example, may exhibit skin lesions, gastrointestinal tract alterations and excess mucus excretion in the feces. This mimics the food allergy response to soybean in some humans, swine and mice where atopic skin response or hives and diarrhea with massive mucus is a prompt response to allergic challenge; with continuing exposure intestinal morphology changes in the form of enteritis which may lead to autoimmune disease.  


Recognition of a food-intolerance that is immunologically rather than bioactivity based imposes a different set of problems and solutions to utilizing SBM in aquafeeds. Most bioactive proteins are easily inactivated by heat treatment that is part of feed production. However immunological intolerance may only require the physical presence of the protein and not its enzymatic activity; therefore, heat and other processing treatments will not significantly alter allergenicity.


 Antigenic proteins.  Allergenic responses in mammals to seeds (Herman 2004) almost always involve sensitivity to multiple different proteins. Seed protein intolerance is often not restricted to a single sensitizing crop species but rather it is more often manifested as broader intolerance extending across species.  The large majority of seed protein content results from the expression of gene families including the legumin and vicilin storage proteins, prolamine storage proteins, lectins, trypsin inhibitors and oleosin, a protein associated with seed oil storage. The genes that encode these proteins from diverse species are very similar in sequence and the resulting protein products similar in three-dimensional structure and sequence. Because of the similarity of the proteins' structure among species, antibodies produced in response to protein exposure from one species are often cross-reactive with the homologous protein of another species. 

Globular storage proteins in soybeans such as glycinin and (-conglycinin or their breakdown products may be involved in causing allergic reactions in animals.  The severity of such reactions varies considerably in various aquatic species.  The effects of these proteins are reduced following heat treatment and processing.


Protease inhibitors. Legume seeds, as many other plant seeds, are equipped with one or more protease inhibitors that will inhibit proteolytic enzymes in the gastrointestinal tract of pests that commonly attack the seeds in fields (Liener 2000). As digestive proteases have been highly conserved through evolution, the plant protease inhibitors, such as trypsin inhibitors also inhibit proteases in the gastrointestinal tract of monogastric animals. Enzymes of fish seem to be particularly sensitive to the protease inhibitors (Krogdahl and Holm 1983). Heat treatment will inactivate protease inhibitors to a major extent. However, the heat needed for total inactivation of the inhibitors may reduce protein quality through oxidation and fusion with other components of the soybean. A compromise must therefore be made between inactivation and deterioration of protein quality which may leave some inhibitors active. It is likely that the remaining inhibitors in concert with the indigestible heat damaged protein are significant factors for explaining the generally lower nutrient availability of standard SBM and increased requirements for sulfur-containing amino acids often recognized in animals fed SBM (Drackley 2000). Although without compromising growth and protein digestibility, low levels of protease inhibitors in salmonid diets have been observed to trigger increased secretion of pancreatic proteases indicating increased use of metabolic resources; whereas, at higher levels both protein digestibility and growth is compromised (Olli et al. 1994b). Investigation of processes taking place within the soybean proteins in general and protease inhibitors in particular during heat treatment and mechanisms of interference between digestive processes and products of heat treatment may lead to improved processing techniques for soybeans.
Lectins. One of several antinutritional factors found in soybeans and other plant feedstuffs are the bioactive group of glycoproteins known as lectins (NRC 1993, Francis et al. 2001).  Due to their ability to agglutinate red blood cells they are also referred to as agglutinins or in the case of soybeans, soybean agglutinins (SBA).  Concentrations of SBA in SBM are reported to be in the range of 10-200 μg/g.  

Lectins possess the ability to bind reversibly and specifically to carbohydrates and glycoconjugates which is responsible for their numerous physiological effects.  For example, lectins bind avidly with intestinal glycoproteins on the epithelial surface and interfere with nutrient absorption.  Lectins easily avoid digestion and then pass into the intestine where they may bind with the epithelium. Some lectins may cause disruption of membrane integrity and the initiation of a cascade of immune and autoimmune events that ultimately lead to cell death. Lectins gain entry into circulation and may bind to organs.  They may also increase permeability of membranes to other proteins increasing incidence of allergic reactions.  In addition to the disruption of intestinal membrane integrity, lectins such as SBA have been observed in some cases to cause hypertrophy, hyperplasia, decreased nutrient uptake, decreased intestinal enzyme activity, increase gut length and mass as well as increase pancreatic secretions.  Lectins also may have an effect on systemic insulin levels and may mimic its effects.  In rats, for example, increasing doses of kidney bean lectins resulted in depressed plasma levels of insulin.

The effects of SBA on fish have not been as extensively studied as with terrestrial animals.  However, early studies demonstrated alteration in intestinal structure and changes in immune function in fish fed high levels (60-70%) of SBM in their diets.  These diets also brought about decreased intestinal enzyme activity and decreased plasma insulin levels.  However, these studies did not indicate the specific cause of the observed responses.  In another study, rainbow trout and Atlantic salmon were fed diets containing SBM (60%) and a SMB-free diet containing SBA at a concentration that would be encountered in a SBM-based diet at the 60% inclusion level.  Significant damage to intestinal membranes was observed for both dietary treatments in both species of fish, indicating the involvement of SBA in the observed response.

In more recent studies, rainbow trout and Atlantic salmon were fed purified diets containing a range of SBA concentrations that would be found in SBM at 35 and 40% inclusion rates, respectively.  There was no evidence of damage to the intestinal epithelium in either species.  Serum insulin levels in both fasted and fed fish were not affected by dietary lectin levels in rainbow trout, but a decline in serum insulin levels with increasing dietary lectin levels was observed in Atlantic salmon.  Results from various studies suggest that damage to intestinal structure may be occurring at SBM inclusion levels that are greater than 40% of diet.

Lectins, as discussed earlier, are resistant to proteolytic enzymes, but are either inactivated or destroyed by heat treatment.  They are not affected by heating to 60ºC but are destroyed when heated to 100º for 5 minutes.  Lectins in a variety of legumes other than soybeans are not destroyed to any appreciable degree by extrusion.  This is of great relevance as a majority of aquafeeds are manufactured using the process of extrusion.  Another avenue that is open is the utilization of lectin-free SBM in aquafeeds.  However, lectin-free lines of soybeans have not yet been evaluated in fish and present a future research opportunity.

3. Estrogenic compounds 
Estrogenic activity of soybean in fish was suspected based on vitellogenin appearance in male sturgeon fed commercial (animal/plant-based) diets; however, Pelissero et al. (1991a) can be credited for the first direct evidence. Pelissero et al. (1991b) extended those findings by directly examining estrogenic activity (vitellogenin secretion in jvenile sturgeon) of isoflavones and cumestans by intraperitoneal injections of genistein, daidzein, equol, coumestrol and comparing to estradiol. Estradiol (0.0001 mg/g body weight), coumestrol (0.05 mg/g) and genistein (0.2 mg/g) injections resulted in similar vitellogenin increase, approximately 103 in comparison to the control (vehicle). 

When genistein aglycone was added into rainbow trout diets at 500 or 1,000 mg/kg diet, there were no differences in females blood plasma estradiol concentrations throughout a 12-month sampling period; whereas, males showed many differences in steroid profiles (decrease in 11-ketotestosterone and testosterone) prior to and at the time of spawning (Bennetau-Pelissero et al. 2001). Isoflavonoids also may affect steroidogenesis regulation and the amounts of circulating hormones by influencing sex steroid-binding proteins in plasma. However, affinity of genistein in competition with estradiol is four orders of magnitude lower in Arctic charr (Tollefsen et al. 2004). Human and rainbow trout plasma showed very weak binding affinities for daidzein and genistein, where concentrations higher than 103 of estradiol were needed to displace natural steroids (Milligan et al. 1998).  

Estradiol glucuronides were 10 time less potent than estradiol when evaluated in sturgeon hepatocyte cultures producing vitellogenin (Latonnelle et al. 2002a). However, when evaluated as relative affinity to estrogen receptors, i.e. displacing 50% of radiolabelled estradiol, estradiol glucuronide was 103 less efficacious in case of rainbow trout hepatic nuclear extract, and 1.5 x 103 less efficacious in case of sturgeon preparations (Latonnelle et al. 2002b). 

Bennetau-Pelissero et al. (2004) analysed total, glucuronidase aryl-sulphatase hydrolysed, genistein and daidzein concentrations in SBM and, based on an ELISA procedure, estimated a total of 2.6 + 0.27 mg/g. This is very close to the concentration of isoflavonoids in soy protein isolate, 2.98 + 0.1 mg/g (Fang et al. 2004). The latter authors also estimated that more than 95% of genistein and daidzein are present as glycosides. The evidence in mammals suggests that in vivo exposure to isoflavonoids, or their potential effects on target tissues, requires glycoside hydrolysis in the gut, and deglucuronidation by microbial flora, and reabsorption prior to enterohepatic recycling to presume significant physiological role of these substances. Only fragmentary information is available concerning these processes in fish in order to understand the potential role in vivo. D’Souza et al. (2005) reported that gensitein aglycone supplement in rainbow trout diets resulted in genistein accumulation in fish muscle although neither dose-response nor duration of feeding were evident to have an effect. However, metabolism and tissue deposition of dietary genistein aglycone as used in that study may differ from that of genistein glycosides which are present in soybean products.  Thus, further research is needed to directly compare dietary sources of genistein glycosides and aglycones with respect to hydrolysis, deposition and hepatic metabolism in fish. 

Two studies on the effect of genistein on reproductive performance of striped bass (Pollack et al. 2003) and European eel (Tzchori et al. 2004) are somewhat controversial.  First, no negative effect of genistein aglycone at a dose as high as 8,000 mg/kg diet was observed in striped bass after 6 weeks of feeding. Tzchori et al. (2004) used only 2 or 20 mg gensitein/kg diet with juvenile eel of initial weight of 0.5 g expecting an estrogenic effect (feminization) on sex differentiation. The authors claimed that the lower dose significantly increased the proportion of females (55%) in comparison to controls (5%). 

4. Phytic acid 

Approximately two-thirds of the total phosphorus in oilseed meals or grains and their by-product meals is present as phytic acid (phytate), the main storage form of phosphorus in seeds.  The bioavailability of phytate-phosphorus to fish and virtually all monogastric animals is very low, with reports of phosphorus availability in SBM ranging from virtually nil (Riche and Brown 1996) to 22% available (Sugiura et al. 1998).  Further, phytic acid lowers the availability of certain divalent cations, notably zinc, to carnivorous species of fish (trout and salmon) and to omnivorous species (catfish), and also has been reported in some studies to reduce the apparent digestibility of protein.  Heat treatment associated with extrusion pelleting does not improve the availability of phytate-phosphorus in oilseed meals or grains or reduce antagonistic interactions with other essential nutrients.  The only effective strategies to reduce the effects of phytic acid in SBM or other seed-derived products is to remove phytic acid by processing, hydrolyze it using the enzyme phytase, or to utilize single-gene mutant varieties of grains and oilseeds in which a smaller percentage of total phosphorus in the seed is stored as phytate-phosphorus.  Low-phytate cultivars of corn, barley, wheat and soybeans have been developed but are not widely available as livestock feed ingredients.  Microbial phytase is more effective at increasing phosphorus bioavailability in soybean and canola meals, and in wheat middlings, than in whole grains, such as wheat or barley (Cheng and Hardy 2002).  However, there are issues related to the heat sensitivity of phytase and its temperature of activity that must be resolved before phytase is regularly used in aquafeeds.

SBM contains approximately 4% phytate.  Phytate is concentrated in the process used to produce soy protein concentrate (and other protein concentrates), because the phytate fraction stays with the protein fraction.  Thus, soy protein concentrate contains approximately 7-10% phytate, a 100% increase over SBM.

5. Amino acid limitations 

Soybean protein is well known to be limiting in total sulfur amino acids (TSAA; methionine plus cysteine) when utilized in animal feeds.  SBM and soy protein concentrate each contain TSAA at approximately 2.95% of protein.  These levels have been demonstrated to be deficient in a wide variety of fish species.

Supplemental methionine can overcome part of the growth reduction observed when a large percentage of the total dietary protein is from soy origin.  For example, Cai and Burtle (1996) demonstrated that a SBM-corn diet was deficient in methionine for channel catfish and supplementation of DL-methionine could improve growth rates and feed efficiency.  Mambrini et al. (1999) also demonstrated a positive effect of DL-methionine supplementation when soy protein concentrate was the primary protein source for rainbow trout.  Although fish in neither of these experiments could attain growth rates equivalent to control fish receiving some fishmeal protein, DL-methionine supplementation did have a positive effect.  Keembiyeheety and Gatlin (1997) demonstrated that hybrid striped bass, Morone chrysops x M. saxatilis, could effectively utilize 55% SBM in the diet along with fishmeal and supplemental L- or DL-methionine to meet the TSAA requirement. 

Supplementation of multiple amino acids to diets containing over 42% extruded SBM also has been demonstrated to alleviate growth retardation in rainbow trout (Yamamoto et al. 2002), while Takagi et al. (2001) found that growth retardation in red seabream could be partially overcome when a high level of soy protein concentrate (52%) was included in the diet.  These authors found that methionine appeared to be the first limiting amino acid for growth. Additional supplementation with lysine also improved growth, indicating it may be limiting as well.  Floreto et al. (2000), working with American lobster, Homarus americana, also determined that multiple amino acid supplements (methionine, arginine and tryptophan) to diets containing high levels of SBM improved growth and feed efficiency.  Furuya et al. (2004) observed similar responses with Nile tilapia when feeding more than 60% SBM.  These authors supplemented a fish meal-free diet with methionine, lysine, threonine, and dicalcium phosphate to attain growth rates and feed efficiency equal to fish consuming the fish meal-based control diet.


As noted across multiple species, cysteine can meet 40-60% of the TSAA requirement (Wilson 2002).  Other sulfur-containing compounds that are metabolic derivatives of methionine and cysteine also may be limiting in aquafeeds when soy proteins are the primary protein source.  Soybeans and other plant products do not contain taurine which has been demonstrated to be conditionally indispensable for some fish species (Takeuchi 2001).    Current research also has indicated that taurine may be limiting in all-plant protein diets, even for rainbow trout, which have some capacity to synthesize taurine from cysteine.  

6. Saponins

 In general saponins have high toxicity to fish when applied externally (Roy et al. 1990) and preparations of saponin extracts from tea seed cake have been used to eradicate predacious fish in ponds (Chen and Chen 1997). The majority of work on saponins has concentrated on Quillaja saponin (derived from the Quillaja saponaria tree) because of its use in vaccine adjuvants (Oda et al. 2003). Quillaja saponins, when administered before or with human gamma globulin (HGG), was able to increase absorption and appearance of HGG in the blood plasma of Nile tilapia (Jenkins et al. 1991). Quillaja saponins were recognized for their toxicity; however, supplementation of 0.6% cholesterol into a diet for chicks with 0.6% Quillaja saponins restored feed intake and growth of animals.


Bureau et al. (1998) concluded that 1,500 and 3,000 mg of Quallaja saponins/kg diet added to salmonid feed already containing 32% of soy protein concentrate (SPC) caused significant intestinal damage and higher saponin concentrations depressed growth of chinook salmon and rainbow trout. These results require site-by-site comparison of purified soyasaponins and Quillaja saponins, to provide conclusive evidence with diets where no SPC is included, as it may be argued that SPC saponins had an additive negative impact on diet acceptance and utilization by salmonids.


Twibell and Wilson (2004) followed this finding with studies on channel catfish and were able to decrease the growth depressing effect of soybean meal (55% of the diet) when cholesterol supplement was added to the formulation. However, there was no effect of 2,600 mg of purified soyasaponins (97% of soyasaponin B) on feed intake of channel catfish. Francis et al. (2005) examined the role of dietary Quillaja saponin addition on performance, growth and fecundity of tilapia and common carp. The comparison of all dietary treatments was based on 5 individual fish per diet housed in metabolic chambers. It was apparent that control fish depressed growth was directly associated with frequent mouth-brooding episodes during experiment; whereas, in other treatments with less females, fish did not spawn any eggs. Therefore it can be concluded that growth data were not representative for group-feeding tilapia and confounded by an uneven sex ratio in treatments and reproduction of females. Therefore, at this time it can be concluded that there is no substantial, scientifically sound evidence to suggest any positive role of Quillaja saponins in fish nutrition.  
B. BARLEY 
The inclusion of barley in aquafeeds has been limited by several factors.  Low protein, high fiber, (-glucan, and phytate contents are important considerations for barley.  These factors can be accommodated by specific formulations or through use of improved cultivars or products.
1. Nutrient composition


The protein content of barley ranges from 9-15% depending on variety, and also can vary due to environmental conditions.  The higher protein varieties have increased value in aquafeeds, especially for carnivorous fish, as protein needs of these species are often in excess of 40% of diet (NRC 1993).  Lysine is the first limiting amino acid in barley protein at approximately 3.6% of protein.  For rainbow trout, this level will yield a deficit of approximately 0.35% lysine in the diet, which can be overcome by blending protein sources with high lysine contents or adding supplemental lysine.  Arginine also will be marginally deficient in barley protein. The TSAA content of barley appears adequate for fish but the skewed ratio of methionine to cysteine in favor of cysteine may require some supplementation of methionine to the diets of fish utilizing high levels of barley protein (when available).  The fiber content of barley (6%) is twice that of wheat (NRC 1994).  Fiber is indigestible to coldwater fish and only increases fecal output.  De-hulling barely or the use of hulless varieties will reduce the fiber content making it more likely to be used in aquafeeds.  
The value of barley to fish is increased when the feed is manufactured by cooking extrusion (Cheng and Hardy 2003a).   Dry matter digestibility increased from 44 to 67% when barley was extruded and energy digestibility increased to 70%.  Barley protein is well digested and carbohydrate and energy only moderately digested by hybrid tilapia with protein, carbohydrate and energy digestibility coefficients of 87, 60, and 63%, respectively (Sklan et al. 2004).  Several approaches may improve digestibility of nutrients from barley.  Lindberg et al. (2003) noted small improvements in organic matter and starch digestibility for piglets from barley cultivars selected for varied amylose to amylopectin ratios.  Kaiser et al. (2004) also noted cultivar differences in digestibility of dry matter, starch and acid-detergent fiber utilizing rats as an experimental model.  Differences in dry matter and energy digestibility coefficients may be due in part to the inability of monogastric animals to digest glucans and the effects glucans have on intestinal content viscosity (Bergh et al. 1999).  These authors determined that β-glucanase supplementation of poultry feeds can improve illeal digestibility of starch and dry matter from barley.

2. Phytic acid

Phytate-phosphorus is another undesirable component of barley, since its ultimate fate is to be excreted and thus released in effluent.  Barley may contain as much as 82% of its phosphorus as phytate-phosphorus but varieties of low-phytate barley are available that will increase available P in barley (Sugiura et al. 1999, Overturf et al. 2003).  The inclusion of microbial phytase also has been demonstrated to release phytate-phosphorus in barley for absorption by rainbow trout (Cheng and Hardy 2002).   Phytate in barley is not desirable, but should not limit its use in aquafeeds. 

3. β-glucans
β-glucans occur in the bran of grasses such as barley, oats, rye and wheat, at concentrations of about 7, 5, 2, and less than 1%, respectively.  As with protein content, growing conditions and variety affect β -glucan composition (content and linkage types) of barley, and ranges from 4 to 11%.  The metabolic effects of glucans is not clear in fish but have been demonstrated to be immunomodulatory in some species (Sealey and Gatlin 1999).  The duration of feeding β-glucan will determine its effect.  Prolonged feeding may be detrimental and short duration feeding may be beneficial.  Although a body of evidence on the metabolic effects of β-glucan on fish is building, the levels and feeding protocols for use of barley are still being evaluated.  In other livestock species glucans have been detrimental to growth and feed efficiency.

C. CANOLA
1.  Glucosinolates  

As mentioned above, glucosinolates are compounds found in rapeseed/canola meal.  Their hydrolysis products are antithyroid substances.  Goitrin is the most potent of the hydrolysis products and acts by inhibiting the organic binding of iodine, whereas another hydrolysis product, thiocyanate, lowers iodine uptake by the thyroid.  Thus, glucosinolates are not themselves harmful substances, as are their hydrolysis products.  Supplementing additional iodine to the diet does not prevent thyroid insufficiency in fish fed diets containing rapeseed meal.  Canola meal is produced from cultivars of rapeseed that have been bred to contain low levels of glucosinolates relative to levels found in rapeseed meal.  Rapeseed meals contain from 3-8% glucosinolates; whereas, canola contains less than 2 mg/g, a level below that causing physiological effects in fish.

2.  Erucic Acid 

Erucic acid (C22:1, n-9) is a normal constituent of rapeseed oil, and levels in oil from standard varieties of rapeseed range from 20-55% of the oil.  Erucic acid is valuable for production of industrial lubricants from rapeseed oil, but deleterious in oils used for livestock and fish diets.  Erucic acid is cardiotoxic, causing cardiac lesions in rats, even at low levels of 1-2% of the lipid fraction.  Varieties of rapeseed have been developed that contain reduced levels of erucic acid, and solvent extraction of rapeseed/canola following mechanical pressing of the seeds reduces the residual amount of erucic acid in canola meal to levels below that required to have pathological effects in fish.

3.  Phytic acid  

As mentioned above, phytic acid is the storage form of phosphorus in all seeds, including grains and oilseeds from which products used in livestock and fish feeds are produced.  Levels in canola meal average 4.0%, similar to that found in SBM.  Total phosphorus in canola meal is 11 g/kg, and phytate phosphorus accounts for about 8.3 g/kg, or about 75% of the total phosphorus in canola meal.  Treatment with phytase increases total phosphorus digestibility of canola meal to rainbow trout from 12% to 42% (Cheng and Hardy 2002).
D. CORN
1.  Pigments 

Corn products contain xanthophylls, a group of yellow carotenoid pigments, and pigment levels are concentrated in corn gluten meal compared to the xanthophyll content of ground corn.  Rainbow trout fed diets containing corn gluten meal deposit xanthophyll pigments in the muscle tissue, resulting in a yellow color in fillets.  For trout receiving diets lacking supplemental astaxanthin or canthaxanthin, corn gluten meal cannot be used, but in trout fed diets supplemented with these carotenoid pigments to produce red fillets, the presence of corn gluten meal in the diet does not affect fillet color.

2.  Lysine limitation 

Corn is deficient in lysine compared to other grains and oilseeds, and in fish diets lacking protein ingredients produced from fish or animal/poultry by-products, lysine is nearly always the first limiting amino acid.  Thus, fish diets cannot be formulated to be amino acid sufficient when corn gluten meal is a major constituent unless supplemental lysine is provided.  Corn gluten meal contains 1.02% lysine, compared to 4.7% in menhaden meal.  SBM contains 3.02% lysine, and SPC contains 4.23% lysine.  Thus, combining corn gluten meal with SBM or SPC may result in a blend containing lysine at nearly acceptable levels.

E. COTTONSEED MEAL 
1. Gossypol


CSM typically contains about 400 to 800 mg of free gossypol/kg, a compound recognized for its toxicity to animals, especially in regard to reproduction.  Herman (1980) indicated that in rainbow trout growth depression did not occur at gossypol concentrations lower than 290 mg/kg diet; whereas, histopathological changes in the liver and kidney were noticed at 95 mg/kg. Gossypol accumulated in the liver when trout were fed 1000 mg of gossypol acetate/kg diet for several months.  Lee and Dabrowski (2002) examined concentrations of gossypol isomers in liver, muscle, kidney, intestine and gonads following 9 months of feeding rainbow trout low and high levels of CSM-containing diets. This study indicated lower retention of the (-) rather than (+) gossypol isomer. Administration of gossypol by peritoneal injections established effects of water temperature, injection dose and isomer composition in tissues of rainbow trout that would allow estimation of postprandial behavior of gossypol and its major metabolite, gossypolone (Park et al. 2005).  Channel catfish fed diets containing CSM at 29% of diet with an equivalent amount of gossypol acetate (0.156%) had 1.8-2.2 mg of gossypol/kg of muscle tissue (Dorsa et al. 1982). Robinson and Tiersch (1995) found in mature catfish fed diets containing CSM at either 37.5 or 52% (300 or 400 mg of free gossypol/kg diet) that they gained less weight than fish fed either a control diet (no CSM) or a diet with 25% CSM. Gossypol concentrations in liver were proportional to dietary CSM levels.  


Further studies should address the means of gossypol detoxification at the gastrointestinal level for preventing pathological changes in hematology, for instance in Nile tilapia Oreochromis niloticus (Rinchard et al. 1999), preventing inhibition of pepsin and trypsin, as well as accelerating removal of gossypol via bile and postabsorptive transport. Impaired absorption of gossypol may allow complete utilization of CSM protein, and realization of growth-promoting effects, for instance, via flavonoid contributions (antioxidant action) or steroidogenesis, as stimulation of testosterone concentrations have been observed in rainbow trout (Dabrowski et al. 1999) and Nile tilapia (Rinchard et al. 1999).
2. Quercitin
Quercetin is rapidly metabolized to isorhamnetin, which is a weaker antioxidant in animals (Manach et al. 1999) but may have estrogenic effects. In consideration of the rapid conversion of quercetin in mammalian cells (Manach et al. 1998), the prolonged presence in its parent form in fish diets may be an advantageous asset vis-a-vis its pharmacological effects. 


Both quercetin and isorhamnetin exist almost exclusively as glucuronides/sulfates (Piskula and Terao 1998, Erlund et al. 2000, Wittig et al. 2001, Hou et al. 2003). In preliminary studies, low levels of quercetin and isorhamnetin were occasionally detected in liver and body tissues of tilapia reared for 15 weeks but not supplemented with quercetin. The source of quercetin in this case might have been algae growing on tank walls, but this was not ascertained thus implying that Nile tilapia has a unique ability to absorb and accumulate quercetin.  It is not yet known whether quercetin absorption is much more efficient in tilapia compared to other fish, in consideration of the relatively high levels of quercetin in CSM (when supplemented at 54%), and the failure to detect quercetin in rainbow trout blood plasma (Lee and Dabrowski, personal communication). 

F. PEAS/LUPINS 
1. Alkaloids


The predominant anti-nutrients for fish in lupins are the quinolizidine alkaloids (Duke 1981).  There are over 300 species of the genus Lupinus (L.), of which many contain high levels of alkaloids (“bitter” varieties).  These alkaloids, a class of bitter tasting compounds, makes the seed unpalatable and sometimes toxic to animals.

There are several different alkaloids present in lupins, and for cattle, Duke (1981) reported “lupin poisoning” due to quinolizidine alkaloids or their N-oxides, and ranked the toxins in order of increasing importance: d-lupanine, sparteine, lupanine, spathulatine, and hydroxylupanine.  As the alkaloids are not heat labile they have traditionally been removed by soaking the seed in water; however, plant breeders have selected strains of alkaloid-free or "sweet" lupins, which could be directly consumed by livestock (Duke 1981).  Commercially available strains of lupins that are commonly used for livestock are ‘sweet’ types such as white lupin (L. albus L.), yellow lupin (L. luteus), and blue or narrow-leafed lupin (L. angustifolius) (Waldroup and Smith 1989, Nelson and Delane 1990).  These strains are usually very low in alkaloid (20 mg/kg) when compared to “bitter” seeds that have a much greater alkaloid level (15,000 – 22,000 mg/kg) (Luckett 2004).  Low alkaloid strains of lupins do not appear to present palatability problems to fish.  Glencross et al. (2004a) fed diets containing up to 50% inclusion level of yellow lupin kernel meal for 42 days to rainbow and found no evidence of reduced feed intake.  However, growth performance was limited when lupin meal was included in the diets beyond 30% (Glencross et al. 2004a).

2. Oligosaccharides


Moderate levels of oligosaccharides are present in lupins and field peas (Duke 1981, Hickling 2003).The oligosaccharide component of lupins and field peas are mainly composed of (-galactosides (Guillon and Champ 2002), which are indigestible by most species of fish (Stickney and Shumway 1974, Kuz’mina 1996).  The oligosaccharide levels of lupins and field peas may vary between strains but they are approximately 8% (predominantly stachyose 3%, sucrose 2%, verbascose 2% and raffinose 0.8%), and ~5.0% (predominantly sucrose 2% and verbascose 1.5% and raffinose 0.5%), respectively of the total seed on a dry basis (Guillon and Champ 2002, Hickling 2003).  

The oligosaccharide levels of lupins and field peas are low compared to levels of 15% found in SBM (Russett 2002), and may present less of a problem.  The oligosaccharide component of SBM have been linked with reduced digestibility, growth performance (Refstie et al. 1998) and the occurrence of SBM-induced enteritis in several salmonid fish species (van den Ingh et al. 1996, Bureau et al. 1998).  While there was evidence of reduced digestibility due to the oligosaccharide component of lupin (L. angustifoilius) meal for rainbow trout (Glencross et al. 2003a), there is was no evidence of a condition similar to SBM-induced enteritis in rainbow trout fed diets containing 50% inclusion level of yellow lupin kernel meal for 42 days (Glencross et al. 2004b).

3. Lysine limitation

For lupins and field peas, both lysine and methionine are limiting amino acids (see section IVf).  Therefore, diets based on lupins or pea seeds will require added supplemental lysine and methionine.  Ultimately for the inclusion of lupins and field peas into fish diets it would be desirable to develop strains higher in lysine and methionine, remove the oligosaccharide component of both legumes and ensure selection of low alkaloid strains of lupins.

G. WHEAT 
1. Lysine limitation


Lysine is the most limiting indispensable amino acid in wheat for various aquatic species.  Wheat breeding has long emphasized improvements in grain and flour quality with steady improvements in the gluten strength of cultivars grown by farmers (Souza et al. 1993, Cox et al. 1989).  Because of the importance of dough rheology in the end-use of bread wheats, selection has emphasized functional differences in seed storage proteins rather than selection to enhance nutritional composition, such as elevating the percentage of lysine and methionine.  Wheat like other related cereals has only limited variation for seed amino acid composition.  Transgenic modification of seed storage proteins is possible but would be likely to encounter stiff opposition from the grain industry that has chosen to avoid transgenic technology for the near future.

VI. Researchable issues and approaches to increase use of plant products in aquafeeds
a. Processing and techniques to enhance nutrient digestibility/nutritional value and quality 

Feed processing methods have been used for many years to improve the physical characteristics and nutritional value of feeds, and the effects of different manufacturing methods are well known (Booth et al. 2000, Cheng and Hardy 2003b, Venous et al. 2003).  Cooking extrusion, for example, increases carbohydrate digestibility (Allen and Booth 2004) and produces a more durable pellet that can be controlled to make the pellet float or sink (Barrows and Hardy 2001).  Pre-processing refers to treatment of specific ingredients prior to mixing the ingredients together into a complete feed.  Routine pre-processing of SBM reduces the level of trypsin inhibitors.  Other anti-nutrients (i.e. oligosaccharides, fiber, phytate), however, are still present in SBM, and other plant ingredients, after traditional pre-processing has occurred and thus can have negative effects on fish (Olsen et al. 2001).  To increase the nutritional value of plant-derived ingredients for fish, pre-processing of ingredients using both biological enhancement and mechanical modification are being explored.  


Biological enhancement involves the use of microorganisms to modify the chemical composition of the ingredient.  Yeast, bacterial and fungal fermentations have been investigated and current results demonstrate great potential for removing anti-nutrients and adding essential nutrients such as protein and amino acids (Mukhopadhyay and Ray 1999, Bairagi et al. 2004).  The overall goal of these processes is to increase protein concentration and decrease the levels of anti-nutrients.  Removal of the exotic or fermentable carbohydrates and phytate is well within the capabilities of this approach (Ng et al. 2002, Skrede et al. 2002).  Microorganisms consume and convert carbohydrates from unavailable energy into cell mass that serves as a digestible source of both protein and energy.  The type of microorganisms and plant substrates used in the fermentation will determine the nutrient and anti-nutrient profile of the final product.  The cost of producing biologically enhanced plant products will be the primary factor affecting their use in future aquafeed formulations.


Mechanical modification of plant-derived ingredients is an extension of current pre-processing techniques.  These methods can be as simple as de-hulling barley before grinding and mixing to decrease the fiber content and thus increase protein content (Hardy and Barrows 2000).  The more complex pre-processing method of air-classification uses air pressure and particle density to separate dense protein particles from the lighter carbohydrate fractions and results in a product with higher nutrient levels (Thiessen et al. 2003a, 2003b).  Rice protein is currently being commercially concentrated from approximately 12% to 70% protein using air-classification.  The protein concentration of barley can be doubled from 12 to 25% using air-classification and this product is also currently commercially available.  Other methods to increase nutrient and decrease anti-nutrients are also being developed and evaluated (Kim et al. 2003).  Protein concentrates and isolates from wheat, soy, and canola are commercially available, but are currently relatively expensive for use in aquafeeds.  As with biologically enhanced proteins, the final cost of the product will determine the effectiveness and commercial application of the process.

b. Augmenting nutritional quality through genetic manipulations of plants 
The nutrient and anti-nutrient profiles of plant products are currently not ideal for aquafeeds.  Fortunately, it is possible to change specific traits of grains, such as protein and oil content, through breeding and genetic manipulation. Genomic and genetic studies have determined the molecular mechanisms involved with the expression of different nutrient traits.  Knowledge from those studies, coupled with modern technologies of genetic and molecular biology, provide powerful tools for breeders and geneticists to manipulate plants more quickly and efficiently to achieve desired traits.  In the last decade, genetic manipulations have changed, as have the potential to further improve several specific nutrients in seeds.  Examples of changes in several important anti-nutrients and nutrients are listed below.

1. Low phytic acid mutations.  Phytic acid is the major form of phosphorus, representing 60% to 80% of the total phosphorus in mature seeds and is not usable by monogastric animals. Low phytic acid (up to 75% reduction in seed) but high free phosphorus genetic materials have been identified in barley, maize, wheat, rice, and soybean through mutations (Dorsch et al. 2003). This low phytic acid germplasm is being used in breeding programs to produce commercially viable cultivars that will help reduce phosphorus discharge from animal production units. The first low phytic acid mutations in wheat did reduce the amount of phytic acid by 30% or more while increasing the concentration of inorganic phosphorus in the grain (Guttieri et al. 2004).  However, wheat appears to differ from other cereals in having significant genetic variation among adapted cultivars for the enzyme phytase, which degrades phytic acid.  Previous studies have reported a greater than 3-fold difference in phytase activity among limited sub-sets of high yielding cultivars (Okot-Kotber et al. 2003).  Unpublished work at the University of Idaho has found similar activities among spring wheat cultivars and breeding lines adapted to the northern U.S. (Guttieri and Peterson, personal communication).  Other genetic manipulations in wheat mineral composition include selection for high iron and high calcium concentrations.     
2. High lysine genetic materials.  Lysine is an essential amino acid for animals that is often limiting in plant feedstuffs. Crops with high lysine content are of greater value, but plants in the grass family generally have low lysine content. However, genetic studies have identified high lysine mutations in corn and barley where the lysine level is increased up to 150%. More recent studies have found the modifier genes of the well-known opaque-2 phenotype in maize. Plants carrying the modifier genes produce normal corn seeds with the same high level of lysine as that in the opaque-2 mutation (Gibbon and Larkins 2005).  Equally exciting progress has occurred in the successful manipulation of the genetic pathway of lysine catabolism for high lysine accumulation in Arabidopsis by disruption of the gene in that pathway (Stepansky et al. 2004). The same genetic approach could be adapted in all other crops for high lysine production. 
3. β-glucan manipulation.  Researchers at the USDA/ARS National Small Grains Germplasm Research Facility (Aberdeen, ID) have obtained barley germplasm with β-glucan levels ranging from 1.5% to over 10.0% through breeding selection and chemical mutation. These materials are being incorporated into elite lines for various levels of β-glucan. Both low and high β-glucan lines may satisfy the needs of direct use and industry processing by-products for aquafeed production. 

4. High-oil cereal crops.  Quantitative trait loci (QTL) controlling oil content have been identified in cereal maize in which oil content could approach 20% by selection (Laurie et al. 2004). QTL identified in maize may help oil improvement in other cereal crops as well.  

5. Starch structure manipulation.  The level of different starch structures such as amylose and amylopectin can be changed according to the requirement of aquafeeds through better understanding of the genes influencing starch biosynthetic pathways (Morell and Myers 2005).  In wheat grain, modification of starch to lower amylose content to produce amylose-free wheat starch (sometimes called ‘waxy’) is genetically possible through accumulation of three mutant forms of the granule bound starch synthase gene.  The first germplasm lines with amylase-free starch are widely available (Graybosch et al. 2003) and the first commercial amylose-free starch cultivars are now reaching the marketplace.  Development of high-amylose starch wheat cultivars is also possible (Yamamori et al. 2000).  However, cultivar development in this area is less advanced than the development of cultivars with amylose-free starch.  Modifications of starch can alter the functional properties and the digestibility of the starch.  
6. Increased micronutrient content.  Genes regulating micronutrients such as anti-oxidative compounds (like vitamin E) have been identified in Arabidopsis (Capell and Christou 2004). That discovery may allow enhancement of such traits in crops for the possible benefit of fish.  

c. Enhancing utilization by genetic selection of fish

Evaluation of genotype by diet interactions in aquaculture species for specific dietary components has only recently begun on a limited basis. Initial studies have examined such species as sea bream, rainbow trout and Atlantic salmon (Vivas et al. 2003, Overturf et al. 2004). Because of the high protein diet these species consume in the wild, commercial diets have relied heavily on fish meal and fish oil as protein and energy sources. Other omnivorous fish species such as tilapia and catfish have demonstrated a greater proclivity for utilizing plant feedstuffs and carbohydrate for energy but little research has been performed on these species in regards to alternative dietary selection. Furthermore, a large number of aquaculture species have only recently become domesticated and as such most of the initial research with these species has involved general determination of their dietary requirements. Because of the great diversity of species that may be cultured, the physiology and metabolism of these organisms varies substantially. As such this necessitates that every species be evaluated individually for its optimal nutrient requirements. When these are known, evaluation of diversity within the species for utilization of specific nutrient components can be performed and estimates made regarding improvement by a selection program. However, in other animal systems, the effects of dietary changes on specific physiological parameters have been studied. For example, diet by strain differences have been shown in cattle and poultry (Wahlstrom et al. 1998, Jones et al. 2004, Roche et al. 2001, Coffee et al. 2004) and this has been more specifically linked to individual genes in work performed with murine and fish models such as medaka, Oryzias latipes (Corva et al. 2000, Kaput et al. 2004, Hostetler 2005).  


In aquaculture there have been very few studies attempting to discern the affects of genotype on nutrient utilization. Initial studies have focused on replacement of fish meal protein with that from plants, typically using refined feedstuffs. Hence, the protein component has been altered as well as anti-nutritional factors and other factors so what is being evaluated at this level is the lack of hormones and other by-products found in fish meal with that of the replacement protein. This severely limits our ability to interpret the effect of unrefined materials on the animal’s metabolism and physiology. All other dietary components relating to amino acid levels, nitrogen levels, etc., are held constant. Also, the high cost of production of refined diets makes them of limited value for aquaculture feeding practices. Of greater interest is the determination of whether carnivorous fish that have been evolutionary selected to utilize protein as their main energy source can be selected for improved utilization of plant material. In the past, diet studies were roughly correlated by relating growth indices such as weight gain, feed efficiency, growth rate, digestibility, and proximate analysis of whole fillets to variable changes of dietary components. With the recent impetus of genomics, and the increasing amount of sequence information available, an improved understanding of cellular signaling, and the role of genes and proteins in pathways, now several research groups are beginning to characterize what is occurring in the animal not only physiologically but also at the cellular and genomic levels.


Several vertebrate genomes have been completely sequenced and this allows for the retrieval of homologous sequences from previously uncharacterized genomes. With the availability of this information, the correlations of biochemical information with genetic and molecular data will be very useful in providing improved insight into the functions of unknown genes or systems responses to nutrient changes. This research is being pursued even more intensively via the use of microarrays where scientists can now screen for the expression of thousands of genes in single experiments. This will revolutionize how nutritionists evaluate diets in that now they can relate precise dietary changes with specific physiological pathways that are being modulated by nutritional differences. 


Future work requiring genomic information will focus on the current most highly characterized species such as Atlantic salmon, channel catfish, and rainbow trout and may incorporate information gained from other highly developed research species such as zebrafish, Brachydanio rerio, fugu fish, Takifugu flavidus, and medaka. 

d. Optimizing bioactive compounds

Several plant feedstuffs contain bioactive compounds that may have positive or negative effects on aquatic animals and thus their concentrations in aquafeeds must be adjusted accordingly.  For example, cottonseed is a source of many phytochemicals such as flavonoids. Quercetin, a common flavonoid in plants, was measured at concentrations from 1320 to 1560 mg/kg in three different cottonseed preparations (Lee and Dabrowski 2002). Many positive functions have been attributed to quercetin upon its intake by humans and it also has drawn attention for decades due to its beneficial effects as an antioxidant agent in fish oil storage (Nieto et al. 1993). Due to such antioxidant activities, this flavonoid also has been proven efficacious against various pathological conditions such as cancer, cardiovascular disease, and other oxidative stresses (Formica and Regelson 1995). Despite the ubiquitous occurrence of quercetin in feedstuffs such as CSM (Shahidi and Naczk 1995), and thus possible ingestion by fishes (Rinchard et al. 2003), little is known of its nutritional role in formulated aquafeeds. The only available report indicates that quercetin is not overly toxic to rainbow trout when fed for several months at high levels (Plakas et al. 1985). Some other reports, however, claimed high toxicity of quercetin to the reproductive system of fish upon external exposure (Weber et al. 2002).

Other bioactive compounds such as many of the proteins found in SBM must be characterized as to the immunological basis of their food intolerance activity to determine whether the same proteins induce intolerance in diverse species of fish. If soy proteins are identified that induce immunological response in fish species of commercial interest, varieties lacking those proteins could be stacked with other traits desirable to the aquaculture industry. Specific steps to accomplishing these goals will be: 1) Identify specific proteins that induce soybean-food intolerance in fish; 2) Determine whether the adverse reactions are due to the physical presence of the proteins or dependent on their biological activity; and 3) Determine the extent of intolerance response commonality among farmed fish species. Based on this approach, a strategy to mitigate food intolerance by altering seed protein content may create the opportunity to use renewable plant-based feedstuffs as substitutes for fish meal.  To accomplish this, team resources including laboratories with experience in fish growth and physiology will be needed along with other laboratories experienced in analyzing adverse immunological reactions and having the capability to modify the protein component of the feedstuff. 

e. Using pre- and pro-biotic compounds to enhance utilization 

It has been documented in a number of food animals that their gastrointestinal microbiota plays important roles in affecting the nutrition and health of the host organism.  Thus, various means of altering the intestinal microbiota to achieve favorable effects such as enhancing growth, digestion, immunity and disease resistance of the host organism have been investigated in various terrestrial livestock as well as in humans.  Dietary supplementation of prebiotics, which are classified as non-digestible food ingredients that beneficially affect the host by stimulating growth and/or activity of a limited number of health-promoting bacteria such as Lactobacillus and Bifidobacter spp. in the intestine, while limiting potentially pathogenic bacteria such as Salmonella, Listeria and Escherichia coli, have been reported to favorably affect various terrestrial species.  However, such information is extremely limited to date for aquatic organisms. Effects of probiotics, defined as live microbial feed supplements, on gastrointestinal microbiota have been studied in some fishes, but the primary application of microbial manipulations in aquaculture has been to alter the composition of the aquatic medium.  In general, the gastrointestinal microbiota of fishes including those produced in aquaculture has been poorly characterized, especially the anaerobic microbiota.  Therefore, more detailed studies of the microbial community of cultured fish are needed to potentially enhance the effectiveness of prebiotic and probiotic supplementation.   
f. Monitoring effects of plant feedstuffs on fish product quality and consumer health 


Success or failure in any commercial aquaculture endeavor ultimately depends upon repeat purchasing by consumers, whether at the retail, wholesale, or food service level. Aquatic foods market research consistently indicates that product quality is the single most important attribute effecting fish purchasing behavior. Given the recent onslaught of negative media attention to farm-raised fish, consumers are also more focused on the potential health effects associated with fish consumption.  As we move forward toward increasing the use of plant products in aquafeeds, the effects of these newly formulated diets on fish product quality and consumer health must be evaluated. 


Although quality is a complex issue, for the purposes of this paper it will refer primarily to the color, flavor, texture, and nutrient composition of the fish product. Numerous studies have reported that all of the previous attributes, as well as shelf-life stability of fish fillets, can be affected by diet composition. An overwhelming majority of the studies, particularly those that have included the use of sensory methods to evaluate quality, have focused on salmonids, primarily rainbow trout and Atlantic salmon. Non-salmonid species sporadically evaluated for dietary influence on sensory quality include Gulf sturgeon, Acipenser sp., hybrid striped bass, white amur, Ctenopharyngodon idella, turbot, barramundi, perch, tilapia, and channel catfish. Flavor, color, odor, and/or texture, were significantly affected by diet in about half the studies reported. Given the physiological, nutritional, environmental, and compositional differences among aquacultured finfish, conclusions reached about the product quality of one species can not be automatically applied to another. Further research is needed to clarify the influence of dietary ingredients on quality of each aquaculture species of interest.


Three different methods of sensory analysis have typically been used to characterize the organoleptic quality of fish fillets in the studies indicated above: descriptive analysis, difference testing, and consumer acceptability testing.  The most sophisticated of these, descriptive analysis, uses trained sensory panelists to profile individual flavor, odor, and texture descriptors in the fish, and to rate them for their intensity. Different flavor attributes, such as nutty, sweet, fishy, painty, or grassy, have been used to describe the effects of dietary ingredients on the specific flavor characteristics of fish from different dietary treatments. Although this type of information can be extremely useful in the later stages of product quality evaluation and modification, for the purposes of initial evaluation of plant-based ingredients in aquafeeds, untrained consumer panels should be utilized. Trained panelists have been reported to discern differences among samples that average consumers can not. Research in this field should attempt to answer two questions which have important marketing ramifications: 1) can the average consumer tell the difference between fillets from fish reared on the plant-based diet versus a fish meal control diet, and 2) does the average consumer prefer fish from one dietary treatment over the other? 


While numerous studies have evaluated the effects of various alternative plant proteins on fish growth and feed efficiency, relative few have monitored the dietary influence on fish quality. However, a review of fifteen studies which investigated the effects of various plant proteins, including SBM, SPC, soy flour, corn gluten, wheat gluten, peanut meal, canola meal, extruded peas, lupin seed meal, and CSM, on fillet quality, indicates that product quality was significantly influenced by protein source in about 40% of the studies.  Color, as measured by instrumental and sensory methods, was the attribute most influenced by protein source. Texture and flavor were significantly affected by protein source in some cases, particularly when large substitutions were made. However, other studies in which 30% - 60% of the diet was composed of plant protein meals reported no differences in consumer acceptability among fillets.  Clearly, the effects of plant protein meals, particularly those subjected to various degrees of concentration and/or isolation, on product quality require further investigation.


 Two important areas related to consumer health that should be addressed with regard to utilization of plant products in aquafeeds are omega-3 fatty acid level and possible PCB contamination in fillets. Since fatty acid composition of fish fillets is related to the fatty acid composition of the diet, fish fed primarily plant-based diets contain lower levels of omega-3 fatty acids.  Given that consumers are becoming more interested in the health benefits of these fatty acids, future research should include evaluating the effects of finishing diets rich in omega-3 fatty acids on fatty acid profile and sensory quality of the fillets. Since PCB contamination of farmed fish arises primarily from fish oil, methods need to be developed that enrich the omega-3 content of the fillet without increasing contaminant levels. Although the risks of organochlorine contamination from farmed fish are open to debate, consumers are aware of this issue which may affect their purchasing behavior. 

g. Enhancing palatability of plant feedstuffs 

Fish show distinct taste preferences in basic studies of taste and smell. In a recent review paper (Kasumyan and Doving 2003) the state of the art is summarised as follows: “Fish taste preferences are highly species specific, and the differences among fish species are apparent when comparing the width and composition of spectra for both the stimulants and the deterrents. What is evident is that there is a strong similarity in the taste preferences between geographically isolated fish populations of the same species, and that taste preferences are similar in males and females, although at the individual level, it may vary dramatically among conspecifics. What is noteworthy is that taste responses are more stable and invariable for highly palatable substances than for substances with a low level of palatability. There is a good correspondence between development of the gustatory system in fish ontogeny and its ability to discriminate taste properties of food items. There is also a correspondence between oral and extraoral taste preferences for a given species; however, there is no correlation between smell and taste preferences. Taste preferences in fish show low plasticity (in relation to the diet), appear to be determined genetically and seem to be patroclinous. Fish feeding motivation and various environmental factors like water temperature and pollutants such as heavy metals and low pH water may shift fish taste preferences. Comparisons between bioassay and electrophysiological data show that palatability is not synonymous with excitability in the gustatory system.”

The methodologies and expertise gained in basic studies should be employed to characterize taste elements of plant feedstuffs and how processing alters palatability. Research regarding palatability of various feedstuffs may indicate why feed intake often is reduced when certain feedstuffs are included in fish diets and suggest how processing may be conducted to optimize palatability. The fact that palatability is the sum of many dietary characteristics and that there is a strong interaction between taste and nutritional quality should be reflected in the experimental designs. Such interactions have not gained much attention in research so far neither in fish nutrition nor in the nutrition of other animals. 

h. Metabolomics

Metabolomics is the study of the metabolic profile of a given cell, tissue, fluid, organ or organism at a given point in time. The metabolome represents the end products of gene expression. Thus, while mRNA gene expression data and proteomic analyses do not tell the whole story of what might be happening in a cell (mRNA gene transcripts do not necessarily reflect either concentration or activity of a gene product in a cell, and do not account for post-translational modifications. Of all the feedstuffs described in this document, soybean is the most widely studied with its chemical composition of the major nutrient components as well as the NSP having been described in detail and variability well characterized. Also the contents of a number of biologically active components, some of which belong to the rather ill-defined group of antinutrients, has been described to a certain extent. However, a wide range of components are still unknown. The possibility that some of these components may have biological effects of positive or negative character is very likely. In spite of investigation of adverse effects of soybeans in salmonids for two decades, the causing agent(s) has not been found. The component may well be among the unidentified compounds.  Developments in instrumentation and chemical approaches over the last few years have greatly improved. 


It appears that in order to describe and predict the nutritional value of soybeans and other plant feedstuffs on the one hand, and possible adverse antinutrient and toxic effects on the other hand, it is imperative to gain detailed chemical information with regard to the secondary metabolites (Becker and Makkar 1999, Francis et al. 2001, Overturf et al. 2003, Ulloa et al. 2003, Pezzato et al. 2004). Metabolic profiling and the identification of single volatile, semi-volatile and flavor compounds, may lead the way to unknown compounds that might impact digestibility of these products and influence the physiology, growth and health of farmed fish (Grigorakis et al. 2001, Johnsen and Dupree 1991). The analytes of interest likely belong to the following chemical groups: aliphatic hydrocarbons and their derivatives, terpenes, phenols, N- and S-containing compounds (e.g. alkaloids, glucosinolates) (Rohloff et al. 2003, 2004). Analytical approaches have been reviewed by Wilkes et al. (2000) and Bino et al. (2004).  


A combination of analytical platforms (e.g., GC-MS, LC-MS-MS) may be used to evaluate the metabolic composition of various plant feedstuffs.   This approach can be used interactively to evaluate the composition of these feedstuffs and fractions with differential levels of antinutrients and to identify specific antinutrients.  These plant feedstuffs could be fractionated by extractions and preparatory HPLC, and the resultant fractions could be tested both for antinutrient activity (in collaboration with fishery biologists), metabolic composition, and protein components. Statistical analysis would be used to identify metabolic correlates of antifeedant activity.   Antifeedant fractions could be further fractionated and the resultant fractions tested for antinutrient activity and metabolic composition.
VII. Conclusions and Recommendations 
Based on the information reviewed in this document, specific strategies and a variety of techniques have been identified to optimize the nutritional composition of plant feedstuffs and limit potentially adverse effects of bioactive compounds.  A coordinated research effort needs to be developed through strategic planning to further evaluate and refine various means of improving the nutritional value of pant feedstuffs for increasing their use in aquaculture.  Such efforts will result in reducing the dependence on animal feedstuffs and increasing the sustainability of aquaculture.       
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Table 1.  Proximate and nutrient content (as-fed basis) of fish meal, and targeted ranges in alternative ingredients derived from grains and oilseeds.


Category/nutrient
Fish meal (menhaden)                 Target range for 


                                                     alternative ingredients


Crude protein (%)
65-72   
48-80

Crude lipid (%)
5-8
2-20 

Fiber (%)
<2
<6

Ash (%)
7-15%
4-8

NFE (%)
<1
<20

Starch (%)
<1
<20

Non-soluble CHO (%)
none
<8

Arginine (%)
3.75
>3.0

Lysine (%)
4.72
>3.5

Methionine (%)
1.75
>1.5

Threonine (%)
2.5
>2.2

Omega-3 fatty acids
~2%
*
* The fatty acids provided by alternative protein feedstuffs vary considerably and lipid supplements will be the primary source of fatty acids. 
Table 2.  Grain and oilseed production in the U.S. (source:  USDA Agricultural Statistics, 1998).

Grain or oilseed
Acres planted
Production (000’s)*
Metric tons


Barley
 6,340,000
   352,445 bushels
   7,689,709

Canola**

Corn
80,187,000
9,761,085 bushels
248,463,980

Cottonseed
10,683,600

    5,365,400

Peas/lupins**

Soybeans
72,375,000
2,756,794 bushels
  75,185,291

Wheat
65,871,000
2,550,383 bushels
  69,555,900 

* A bushel of barley, corn, soybeans and wheat weighs 48, 56, 60, and 60 pounds, respectively.
** Production of canola, peas and lupins in the U.S. is negligible.

Table 3. Typical composition (dry basis) of lupin and field peas1.

	Ingredient
	Protein

(g 100 g-1)
	Lipid

(g 100 g-1)
	Total CHO2
(g 100 g-1)
	Gross Energy
(MJ/kg)
	Ash

(g 100 g-1)
	Lysine

(g 100 g-1)
	Methionine

(g 100 g-1)

	FM (Danish)
	72.9
	11.4
	-
	21.5
	13.0
	6.2
	2.2

	Meat and bone meal (beef)
	49.2
	9.2
	-
	16.1
	36.0
	2.5
	0.7

	Poultry meal
	60.3
	18.2
	-
	22.7
	15.0
	4.0
	1.5

	Lupin Lupinus angustifolius (whole)
	34.1
	5.7
	57.4
	17.9
	2.8
	1.4
	0.2

	Field peas (whole)
	25.5
	1.1
	70.0
	17.0
	3.4
	1.7
	0.3

	
	
	
	
	
	
	
	


1   Data from Allan et al. (2000).
2   Total carbohydrate (CHO) = 100- (% fat + % ash + % protein).
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