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Introduction

Extrusion processing technology has become of major importance in the production of modern feeds used in intensive aquaculture. Extrusion is a process where the feed is subject to mixing, shearing and heating under high pressure before the extrudate finally is forced through a die. The feed constituents undergo transformations during the processing that can be beneficial if the nutritional value is improved, but detrimental if nutrients are destroyed or become resistant to digestion. Knowing that feed cost comprises 40-60% of the variable cost in aquaculture worldwide, feed quality should be as high as possible to ensure a good feeding economy. In this context, bioavailability of the nutrients and the physical quality of the feed are both of great importance. 

Investigation of physical quality of commercial feed pellets (i.e. particle hardness, durability, sinking velocity and water absorption) has unveiled variation in quality (Chen et al., 1999). Physical quality is affected by several variables, among which formulation and extruder parameters are recognized as having great influence. Not only differences in chemical composition, but also the pre-processing history of the ingredients is affecting physical quality of the feed, either directly or indirectly through interactions with extrusion parameters. AKVAFORSK and Aquaculture Protein Centre (APC) have studied interactions between extrusion processing parameters and ingredient composition on nutritional and physical quality of the feed for fish. This chapter presents and discusses some of the research carried out by AKVAFORSK and APC concerning effects of extrusion on nutritional and physical quality of the feed. 

Extrusion parameters and nutritional value of the feed

Elevated extrusion temperature may improve nutritional value

The feed mash undergoes significant changes during processing as it is heated, kneaded and sheared, suggesting that extrusion is not neutral to the nutritive value of the feed. A temperature higher than 100 oC is needed in order to achieve expansion of the feed as it leaves the die. Extrusion temperature is usually a targeted value obtained through steam added in the pre-conditioner, dissipation of mechanical energy from heated surfaces such as barrel and screw surface, or generated by shear forces between wall and material and screw and material (Mottaz and Bruyas, 2001). Thus, heat generation is affected both by the choice of hardware and processing variables during the feed production. Raising the temperature up to 90-95oC may occur in the pre-conditioner as steam and water is added in order to warm up and soften the ingredients. As the feed mash enters the extruder, further heating in the extruder descends from mechanical dissipation of energy from heated surfaces, or from steam injected directly into the barrel. The time during which feed mash is exposed to heating during processing (pre-conditioning and extrusion) is normally less than five minutes. 

Effects of extrusion temperature on digestibility and utilization of the diets by rainbow trout were examined in two different experiments. In the first experiment a fishmeal-based diet was extruded with a twin-screw extruder at three temperatures (100, 125 and 150oC) on each of two production days (Sørensen et al., 2002). In the second experiment (Sørensen et al., 2005), another fishmeal-based diet was extruded using a single screw extruder at two temperatures (100 and 140oC). 

The two studies showed that extrusion processing with temperatures in the range from 100 to 150oC did not affect digestibility of protein, individual amino acids or energy. Similarly, feed conversion and net accumulation efficiency (retention) of protein and energy were not significantly different in trout fed diets extruded at 100 and 140 oC. The growth rate was improved at the highest extrusion temperature in Sørensen et al. (2005). In line with these results, Barrows et al. (2007) found no significant effect of extrusion temperature on apparent digestibility coefficients of protein, organic matter, lipid, energy or carbohydrate in diets containing soybean meal for rainbow trout. Increased retention time in the extruder negatively affected feed intake and weight gain, whereas high temperature (127 oC) resulted in improved FCR compared to the low temperature of  93 oC (Barrows et al., 2007). This indicates that feed extruded at the highest temperature was better utilized either due to improved availability or utilisation of the nutrients or favourable feed structure. 

Elevated water content during extrusion contributes to higher nutritional quality

Damage to proteins during heat processing is a function of temperature, time, moisture and the presence of reducing substances (Papadopoulos, 1989). High moisture content combined with short duration of exposure implies that extrusion may not be detrimental to the nutritional value. In general, low moisture content, especially in combination with severe heating, have shown to cause reduced digestibility of nearly all amino acids in fish meal, especially cysteine (Andorsdòttir, 1985; Ljøkjel et al., 2000). Reduced digestibility of cysteine was also shown in rainbow trout when water addition to the extruder was restricted, compared to when the diet was produced at elevated moisture conditions Sørensen et al. (2002). Cysteine reacts readily during heat treatment to form disulphide bonds between cysteine units (Bender, 1978). The reduction in cysteine digestibility in heat treated proteins has been explained by introduction of SS bonds, assumed to be resistant to proteolytic cleavage (Friedman, 1982). Aslaksen et al (2006), however, did not find reduced digestibility of N in mink when the dietary content of disulfide bonds increased. In the latter experiment, mink were fed either a fish meal control (FM) or a diet where fish meal was partly replaced with either toasted soybean meal (SBM) or untoasted soy white flakes (WF). The diets were fed either as unextruded mash or extruded pellets. The dietary content of SS bonds in the fish meal diet was not affected by extrusion at 120 oC and 28% moisture, whereas it was slightly increased by extrusion of diets containing soy ingredients. Aslaksen et al (2006) suggested that other factors were more important for N digestibility than the content of disulfide bonds in the feeds.

The improved performance of shrimps fed diets extruded at elevated moisture contents also emphasizes the significance of moisture during processing (Obaldo et al., 2000). From this it can be concluded that “dry” extrusion conditions should be avoided. In order to prevent losses of essential nutrients, a moisture content of 25-30% during wet extrusion of diets for fish and pets has been recommended (Rokey, 1994).

Effect of extrusion on trypsin inhibitor activity and nutrient digestibility

Mild heat treatment during feed processing may for two reasons increase the nutritional value of protein-containing ingredients. Firstly, denaturation exposes sites for enzyme to attack and may thus make the protein more digestible. Secondly, heat labile proteinaceous anti-nutritive factors such as trypsin inhibitors and lectins may be destroyed. 

The use of defatted, toasted soybean meal has been investigated as an alternative protein source to fish meal in diets for carnivorous fish (Refstie et al, 2000; 2001; 2005; 2006 a, b; Storebakken et al., 2000). One main challenge when using soybean meals for fish is the content of indigestible components and anti-nutrients that are harmful to the fish. It has been shown that soybean meal in feed for Atlantic salmon causes inflammation-like reactions in the posterior intestine, which may be detrimental because of reduced immunological function of the intestine and reduced feed conversion efficiency (Baeverfjord and Krogdahl, 1996; Krogdahl, et al., 2000). 

Effect of extrusion on trypsin inhibitor activity and nutrient digestibility of diets based on fish meal, conventional defatted soybean meal (SBM) or untoasted defatted soybean meal (WF) were studied in experiments with mink (Romarheim et al., 2005) and rainbow trout (Romarheim et al., 2006). In the mink trial the three diets were fed either as unextruded mash or extruded pellet. The intake of the unextruded WF diet was only one-third compared with the SBM and FM diets, most likely due to higher trypsin inhibitor content in this diet. In the mink experiment, a clear reduction in trypsin inhibitor activity was demonstrated in the extruded diet compared to the mash. Extrusion processing caused elevated digestibility of protein, total amino acids, fat and all individual amino acids with the WF diet, whereas no significant effect of extrusion on digestibility of these nutrients was shown for the FM and SBM diets. The authors suggested that extrusion processing was efficient to reduce trypsin inhibitor activity. The use of the carnivorous terrestrial mink facilitated the comparison of meal mixtures with extruded feed. Previous experiments have unveiled high correlations in protein digestibility between mink and salmonids, thus mink studies are highly valuable as a model to predict protein digestibility with salmonids. The extruded diets were also evaluated in a digestibility experiment with rainbow trout. Fish fed the WF and SBM diets showed reduced feed intake, growth, fat and amino acid digestibility and poorer feed conversion compared to those fed the FM diet. Moreover, morphological changes in the distal intestine were clearly demonstrated (Romarheim et al, 2006). The overall conclusion from these two experiments was that extrusion processing efficiently reduced trypsin inhibitor activity, and most likely other heat labile anti nutritive factors, without negative effects on nutrient digestibility. 
Physical quality of feed may interfere with nutritional value 

High physical quality of the feed pellet is necessary in order to minimize feed wastage and thereby maximizing feed intake and feed conversion. The feed is subjected to different stresses that may induce fines during transportation in the processing line during manufacturing, during transportation to the fish farmer, and finally in the feeding devices. The pellet must be durable and remain in one piece until eaten by the fish, since dust and small fractures of the feed are not ingested and will result in poor feed conversion ratio. On the other hand, fish do not physically disrupt the feed in the oral cavity but gulp the pray whole (Steffens, 1989). If the feed is too hard, the pellet may stay intact during passage through the gastrointestinal tract, and the nutrients may be unavailable for enzymatic degradation. 

Research has shown that good physical quality of the feed is not necessarily equal to high feed utilization. Obaldo et al. (1999) found that Pacific white shrimp fed dry extruded diets performed better on a diet with low starch gelatinization and water stability compared to shrimp on diets with higher gelatinization and water stability. These results may be explained by higher bio-availability of the nutrients in the feeds with the lowest technical quality. Recent research carried out by Baeverfjord et al. (2006) indicated that there is a strong connection between pellet water stability and degradation pattern of feed particles in the gastrointestinal tract of rainbow trout. Feed with low water stability caused separation and accumulation of dietary oil in the stomach that may have resulted in oil belching and reduced lipid digestibility. 

Effect of extrusion temperature on starch gelatinization and physical quality

Temperature during extrusion has an impact on the gelatinization of starch and denaturation of proteins, and increasing barrel temperature results in increased expansion (Oliveira, 1990). When the feed mash is exposed to heat and moisture, starch undergoes gelatinization, which aids in pellet binding. Proper gelatinization of starch evokes expansion as the feed is forced through the die and enables high fat absorption during vacuum coating in order to produce high-energy diets. 

Effect of extrusion temperature on physical quality was investigated by Aarseth et al. (2006). Feed produced at the lowest temperature, 100oC, showed a significantly higher durability and hardness compared to feed produced at 140 oC. The same diets were evaluated in a growth experiment with rainbow trout (Sørensen et al., 2005). The trout fed diets produced with the highest temperature showed the significantly highest specific growth rate. Although the results from the two experiments may indicate a positive effect of a feed with low durability and hardness, more research is needed to understand the correlation between physical and nutritional quality of the feed. 

Physical quality of the feed is affected by protein source, starch level and pre-processing history of the ingredients

Interaction between protein source and starch level

Various protein-containing ingredients in combination with starch affect expansion of the extrudate differently. It has been reported an increase in expansion when soy protein isolate was added to pure starch, whereas gluten protein caused reduced expansion (Faubion et al., 1982). Faubion et al. (1982) suggested that differences in chemical properties among the two protein sources promoted different hydration and gelatinization of starch. 

The interaction between starch level and protein sources on physical quality of the feed was investigated by APC (Perez, 2004). Fish meal (FM-diet) or soybean meal (SBM-diet) were used as protein sources and each of the two protein sources were mixed with 0, 10, 20 or 30% wheat starch. The results showed that expansion increased linearly as the starch level was increased. Increasing the starch content from 0 to10% did not result in any significant increase in expansion, but the expansion increased significantly at higher starch inclusion levels. There was a significant difference in expansion due to protein source. The highest expansion was observed for the fish meal diet. As starch level increased, the differences in expansion among protein sources became more pronounced. The SBM-diet had a higher average bulk density (504 g/l) than the fish meal diet (423 g/l). With 0% starch there was almost no forming capacity in the extruded feed. Hence, the average durability of both diets increased significantly when 10% starch added to either SBM or FM, but there were no significant differences between the 10-30% starch inclusion levels.  
Effect of starch level and protein source on starch gelatinization was also investigated by (Perez, 2004). Starch gelatinization increased significantly with increasing amount of starch in the SBM diet, whereas the FM-diet showed decreased starch gelatinization with increased starch level.  For FM-diets the differences in gelatinization degree between the different starch levels were in general lower than with the SBM-diets. There was also a significant interaction between protein source and starch level suggesting that the ingredients and proportions of these play a role for the starch gelatinization. Proteins bind more water than starches, and a competition between starch and water may explain the differences observed in starch gelatinization. The moisture content was the same in all feeds, and the incomplete starch gelatinization may indicate that the amount of water was limited during these experiments. An increasing inclusion of wheat resulted in a decreased ratio of soybean meal: starch, and more water was available for the starch gelatinization. Water absorption capability of the different ingredients used in this experiment was also measured. Fish meal showed a lower capability to absorb liquid water than soybean meal. More water was also added to the extrusion process since fish meal had a higher dry matter content than SBM. Hence, the higher amount of free water added during conditioning, in addition to a lower water absorption capability, could explain the smaller difference in gelatinization and generally high degree of gelatinization for the FM-diets.

Pre-processing history of ingredients

As the protein is denatured, hydrophobic groups are uncovered resulting decreased solubility of the protein in aqueous solution (Camire et al., 1990). These changes start at 60-70oC. Once the protein is denatured it will not recombine, which means that proteins loose their binding abilities. This has consequences for the behaviour of ingredients and their interactions during processing. Effect of pre-processing history of soy bean protein was recently evaluated by APC (Unpublished results).  The aim of the experiment was to investigate how extrusion under conditions representative for commercial fish feed production affects physical quality of feed, when fish meal is replaced by soybean products subjected to varying degree of heat treatment.  Three extruded diets were produced; one control diet (FM), and two diets with 40% of amino acids from fish meal replaced by defatted, toasted soybean meal (SBM) or untoasted soy white flakes (WF). The diets were extruded under standardized conditions. Significant differences were observed in technical quality of the fish feed when fish meal was replaced with toasted or untoasted soybean meal.  The fish meal diet showed the highest radial expansion, the lowest breaking force, the lowest bulk density and lowest durability compared to the diets containing soy protein. The greater expansion of the fish meal diets was verified by scanning electron microscopy pictures of the cross section, which showed a more porous structure of the feed. Inclusion of soy protein generally improved the technical quality in terms of breaking force and durability, and bulk density was significantly higher compared to the fish meal diet. The diet containing white flakes generated higher SME during the extrusion, resulting in a significantly longer pellet and higher bulk density compared to the FM and SBM diets. The results showed that the raw ingredients strongly influence physical quality of extruded feed either directly or indirectly through changes in processing parameters.  Hence physico-chemical properties within different groups of ingredients seem to affect extrusion processing parameters, and hereby pellet quality. Thus the contribution of an ingredient to pellet quality does not only depend on gross chemical composition, but rather on the physico-chemical caracteristics of raw material constituents

Conclusion

Studies carried out by AKVAFORSK and APC have shown that conventional extrusion is a mild heat treatment of fish feed and that digestibility coefficients were not negatively affected at temperatures in the range of 100 to 150 oC. Growth rate in rainbow trout was even improved when trout was fed diets produced at 140 oC compared to 100 oC.  Extrusion processing can be used to reduce trypsin inhibitor activity, and most likely other heat labile anti nutritive factors, without any harmful effect on nutrient digestibility. Other processing parameters than temperature should be watched more carefully, in particular moisture content. The processing conditions as well as ingredient composition affect physical quality of the feed. Moreover, physico-chemical properties of different ingredients seem to affect extrusion processing parameters, and hereby pellet quality. In general soybean ingredients improved physical quality compared to fish meal, most likely due to increased amount of disulphide bonds. A more porous pellet was associated with a less durable product. Our research has unveiled a correlation between physical quality of feed and nutritional quality. However, more research is needed to study the underlying relations between processing technology and the physical and nutritional quality of the feed. 
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