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ABSTRACT

The effect of inclusion rate of pea meal (PM), pea protein concentrate (PPC), soybean
meal (SBM), soy protein concentrate (SPC), canola meal (CM) and canola protein
concentrate (CPC) in salmonid diets was determined through six corresponding meta-
analyses of all data available in the literature for these six feed ingredients, which was
followed by weighted regression analysis. Increasing dietary inclusion levels of SBM,
SPC, CM and CPC reduced specific growth rate (SGR). Regression analysis determined
all of these relationships to be linear declines in SGR (P < 0.05). Inclusion levels of PM
or PPC did not influence salmonid SGR (P > 0.05). These results showed that the
influence plant proteins have on salmonid SGR is dependent on ingredient type and
inclusion level.

PM, PPC, SBM, SPC, CM an aqueous-extracted CPC and a high phytate CPC
(PCPC) were analyzed for chemical nutrient (proximate, amino acid and phosphorus
analysis) and antinutrient composition and total tract digestibility (two separate
digestibility trials) in rainbow trout (Oncorhynchus mykiss). The digestibility of
proximate chemical components and amino acids were significantly higher for the soy
products than the pea products. These digestibilities were also significantly higher in
protein concentrates than in plant meals. Dry matter and gross energy digestibility was
higher in CPC than in CM (P < 0.05). Phosphorus digestibility was higher in CPC-fed
fish than in CM-fed fish (P < 0.05), which is likely due to the fact that CPC did not

contain phytic acid.



Six consecutive growth studies (one trial per test ingredient) were conducted over
a 361-day period to determine the effects of feeding increasing inclusion rates of PM,
PPC, SBM, SPC, CM and CPC on the growth performance of rainbow trout. Diets were
formulated based on the digestible nutrient content of all ingredients as determined in the
previously conducted digestibility trials, to contain 0, 75, 150, 225 or 300 g/kg of each
test ingredient. All diets were nutritionally equal and contained 17.6 MJ/kg digestible
energy, 386.2 g/kg digestible crude protein and were balanced for digestible essential
amino acids to meet or exceed the requirements of rainbow trout. Linear and quadratic
analysis was conducted on the experimental data. There were no significant regressions
resulting from feeding PM, SPC or CPC at 0-300 g/kg for average daily feed intake
(ADFI), specific growth rate (SGR), feed conversion ratio (FCR) or protein efficiency
ratio (PER). A positive relationship was associated between PPC inclusion and ADFI (P
< 0.05). There was a significantly negative quadratic equation associated with the
inclusion level of SBM on SGR and FCR and significantly negative linear and quadratic
equations for PER. There were significantly negative linear relationships between the
inclusion rate of CM and the SGR, FCR and PER of rainbow trout (P < 0.05). Growth
trial results suggest at inclusion levels up to 300 g/kg, PM, PPC, SPC and CPC are
feasible plant-based fish meal replacements with predictable growth effects, provided the
nutritional constraints set in this experiment are followed.

The results of these growth experiments were further analyzed using structural
equation modeling to determine the relationship between ANF in the six ingredients and
ADFI and SGR, which were transformed (tSGR and tADFI, respectively) to enable

comparisons between experiments. All possible models between ingredient ANF (starch,



phytic acid, glucosinolates, tannins, isoflavones, total NSP, soluble NSP, insoluble NSP
and saponins) and ADFI and SGR were calculated. The model with the highest
likelihood, as determined by the Akaike Information Criteriay contained 29 parameters
and six degrees of freedom. tADFI positively influenced tSGR. Glucosinolates, saponins,
and phytates had a significantly negative impact on tADFI, whereas tannins had a
significantly positive impact. The presence of saponins in the diet resulted in a decrease
in tSGR. This structural equation model had significant correlations between all ANF,
with the exception of phytates and saponins. Future applications of this work will be to
develop a nutritional model for optimal inclusion of plant-based feed ingredients in
rainbow trout diets, based on their ANF content, which may improve the accuracy of diet

formulation and growth prediction.
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1. INTRODUCTION

Sustainability is a vital issue the aquaculture industry is confronting. The current research
focus is on identifying potential feed ingredients that are readily available, nutritionally
adequate and financially feasible fish meal replacements. Between 2006 and 2011, the
world’s total fish stocks rose from 137.3 to 154.0 million tonnes, and human fish
consumption rose from 114.3 to 130.8 million tonnes. This growth can be attributed to an
increase in aquaculture production, which rose from 47.3 to 63.6 million tonnes. In
comparison, the contribution of capture fisheries to the world’s fish supplies remained
stable around 90 million tonnes (FAO, 2012). This is due to industry-supported fishery
controls designed to manage and maintain wild fish stocks, although the sustainability of
all fisheries has not yet been achieved (Shepherd et al., 2005; Pauly et al., 2002).
Traditional aquaculture feeds are high in fish meal (herring, anchovy, menhaden)
supplied by capture fisheries (Ardura et al., 2012, Hevrgy et al., 2004; Li et al., 2004).
Originally, Naylor et al. (2000) predicted the growth of aquaculture would lead to an
increased demand for fish meal. However, due to the rising cost of fish meal and limits
on capture fishery production, it is infeasible to increase production of aquafeeds and
maintain these high levels of fish meal use. Tacon et al. (2008) predicted fish meal
inclusion in aquafeeds would decrease and be used more strategically for fish at particular
life stages, such as starter, finisher, and broodstock feeds. This forecast may be closer to
reality as fish meal inclusion in aquaculture diets increased steadily until 2005, where it
peaked at 4.23 million tonnes. It has since begun a steady decline and the FAO (2012)

expect it will drop to 2.49 million tonnes by 2020.



As replacements for marine products in aquafeeds, a number of plant-based
ingredients are currently in use while many others are undergoing research for their
potential for future application. These include, but are not limited to, soybeans, peas,
canola/rapeseed, lupins, flax/linseed and cottonseed meal (Francis et al., 2001). In
carnivorous fish, particularly industrially significant fish species, such as salmonids, there
are direct nutritional consequences seen when plant proteins are fed in place of marine
ingredients. Some of these include decreased nutrient digestibility and growth
performance and impairment of intestinal health, function and microbial populations
(Desai et al., 2012; Mansfield et al., 2010; Barrows et al., 2007; Krogdahl et al., 2003;
Bakke-McKellep et al., 2000; Baeverfjord and Krogdahl, 1996).

In terrestrial monogastric animals, such as swine and poultry, predictive growth
modeling is developed to a level where it is possible to predict animal growth based on
the dietary digestible nutrient composition. However, in salmonid fish, dietary
formulation considering the same nutritional parameters with similar feed ingredients
shows that additional considerations beyond digestible nutrient composition are required
in the formulation process. A primary difference is that salmonids are carnivores,
whereas pigs and chickens are omnivores. In carnivores and omnivores, a plant protein
and its chemical components can have markedly different effects.

In salmonid diets, although its inclusion levels have decreased over the years, fish
meal remains a dietarily essential feed ingredient. This is evidenced by the reduction in
growth seen in studies where fish meal is fully or nearly all replaced by plant protein
(Penn et al., 2011; Alami-Durant et al., 2010; de Francesco et al., 2004; Gomes et al.,

1995). This is not true for all inclusion levels. Alami-Durant et al. (2010), for example,



observed a reduction in rainbow trout growth only when fish meal was replaced with
plant meal at levels above 50%. In some studies (Carter and Hauler, 2000; Oliva-Teles et
al., 1994), replacement of fish meal with plant protein led to improvements in fish
growth, but this may be contingent on the quality of the fish meal that is replaced
(Mundheim et al., 2004).

The difficulties associated with fully replacing fish meal with plant protein in
salmonid diets may be due to a requirement for some of the low molecular weight
compounds present in fish meal and animal protein sources but absent or present at low
levels in plant proteins (Aksnes et al., 2006c). Some of these known low molecular
weight compounds include nucleic acids, carnosine, anserine, free amino acids, and
taurine, an amino acid that is also essential in the diet of cats, another obligate carnivore
(Li et al., 2009; Aksnes et al., 2006¢; Gaylord et al., 2006; Li and Gatlin, 2006; Burrells
et al., 2001a, b; Morris et al., 1990). This additional requirement complicates dietary
formulation beyond what is required in terrestrial animal nutrition as requirement levels
and alternative sources have yet to be defined.

The plant sources that are most commonly used in aquafeeds are often selected
based on their protein and amino acid content. Soybean meal (SBM), for example, is high
in protein and has a similar amino acid balance to fish meal (El-Saidy and Gaber, 2002;
Hardy, 1999). In addition to the absence of the low molecular weight compounds
discussed above, a differing factor between fish meal and the plant proteins used to
replace it are the abundance of additional compounds present in the plant that serve
storage, metabolic and protective roles (Bennett and Wallsgrove, 1994). Although they

are useful to the plants that produce them, in terms of aquaculture nutrition, these



additional compounds are antinutritional factors (ANF) due to the negative effect they
have on fish production and health. The effects of these ANF can vary. Some effects
include binding nutrients, altering metabolic processes, decreasing intestinal enzyme
activity, causing intestinal damage and reducing nutrient absorption (Kraugerud et al.,
2007; Francis et al., 2001). Processing treatments, such as air classification, solvent
extraction, heat treatment or the addition of enzymes can be used to increase the
nutritional value of plant proteins by reducing or deactivating these ANF, although not all
methods target the same ANF (Penn et al., 2011; Barrows et al., 2007; Drew et al., 2007;
Storebakken et al., 2000, 1998).

The type and quantity of ANF in a specific aquafeed varies, as it is dependent on
the ingredients used and their dietary inclusion level. Because these ingredients, thus the
diets they are included in, typically contain more than one ANF, it is difficult to ascertain
whether the previously mentioned deleterious effects of feeding ANF to fish are due to a
specific ANF or if they are due to additive effects of (or interactions between) a number
of different ANF. Further research in this area is necessary to determine which ANF are
specifically responsible.

Studies involving the effects of feeds and feed ingredients in aquaculture can be
used to predict fish performance. These predictive studies are nutritional models based on
how the fish respond to the dietary circumstances to which they have been subjected.
Through the use of nutritional modeling, more accurate estimates with regards to feed
requirements, feed utilization and waste output can be determined. In aquaculture

nutrition studies, common models include regression analysis and dose-response models



to determine the effects of feed ingredients on growth and to determine nutrient
requirements (Ytrestoyl and Bjerkeng, 2007; Krogdahl et al., 2003).

Provided enough nutritional information is available, nutritional modeling could
be used to determine the complex relationships between the presence of multiple ANF in
aquafeeds and their effect on fish growth and feed intake. This may be possible with the
use of structural equation modeling, which can be used to describe interrelationships
between observed data and unobserved, latent variables in the form of mathematical
equations (Lamb et al., 2011; Schumacker and Lomax, 2010). With the current studies
available in the literature, ingredient assessment studies vary in a number of different
experimental methodologies. Due to differences in nutritional studies, primarily how
experimental controls and design vary from study to study, researchers are limited in their
ability to compare these results to develop predictive growth models for salmonid fish.

The objective of this thesis is to establish relationships between the dietary
components of plant proteins and nutrient digestibility and growth in salmonids (with

specific focus on rainbow trout).



2. LITERATURE REVIEW

2.1. Plant ingredients in salmonid aquaculture
Aquaculture has been used to cultivate fish since 2000-1000 BCE (Before current era),
although the first known book on fish culture was not written until 475-473 BCE. Major
advances in aquaculture occurred in 1700-1900, when advances in spawning technology
allowed for the expansion of the aquaculture industry, and again in the 1970’s, when
aquaculture operations intensified their production while focusing on culturing profitable
species (Rabanal, 1988). Another major advancement has been the development of
aquafeeds that contain dietary components that deviate dramatically from the natural diets
of fish. It has since evolved to the point where the nutritional needs of the fish can be
met while feeding materials, such as land-based plant proteins, including soy, canola and
peas, with the addition of amino acids, vitamins and minerals are used, even in
carnivorous fish species, such as salmonids (NRC, 2011; Gatlin et al., 2007; NRC, 1993).
Downsides to replacing fish meal with plant proteins are the accompanying
adverse growth and health effects. In numerous studies investigating the replacement of
fish meal with alternative feed ingredients, it has been found that when large proportions
of dietary fish meal are replaced with plant proteins, decreased growth performance is a
consequence (Barrows et al., 2007; Lee et al., 2006; Drew et al., 2005; de Francesco et
al., 2004; Glencross et al., 2004). In some cases, where fish meal is directly replaced
with plant proteins without maintaining the same total digestible nutrient composition of
all diets, these differences in growth may be partially attributed to differences in dietary
nutrient availability. However, this does not account for all of the indicators of poor

health also seen in fish.



SBM s particularly known for its adverse health effects when included in the
diets of salmonid fish. One of the most commonly noted ailments is non-infectious
subacute intestinal enteritis, which is a gastrointestinal disorder noted most markedly in
the distal intestine (Krogdahl et al., 2003). Common features included shortening of the
intestinal villi, rapid enterocyte turnover, and an infiltration of inflammatory cells in the
lamina propria, whose presence is flagged by inflammatory markers such as proliferating
cell nuclear antigen, immunoglobulin M, beta-actin and interleukin-1 beta. (Merrifield et
al., 2009; Heikkinen et al., 2006; Krogdahl et al., 2003; Bakke-McKellep et al., 2000;
Refstie et al., 2000; Burrells et al., 1999; Baeverfjord and Krogdahl, 1996). As non-
infectious subacute intestinal enteritis is common in SBM-fed fish, it is also referred to as
SBM-induced enteritis (Romarheim et al., 2013, 2011). This is not an entirely descriptive
moniker as other plant proteins, such as PPC will also induce non-infectious subacute
enteritis (Penn et al., 2011), which indicate these ingredients share a similar component

not found in fish meal.

2.2. Antinutritional factors in plant-based feed ingredients

Plant-based feed ingredients often contain antinutritional factors (ANF), which can have
detrimental effects when present in the diet (Francis et al., 2001). Antinutrients are
primarily a result of storage, metabolic or protective mechanisms of the plant. Some of
the consequences of feeding ANF to rainbow trout include reduced feed intake and
growth, impaired nutrient metabolism, damage to the digestive tract and brush border
enzyme activity, altered intestinal microflora and reproductive tract, organ (such as liver

and thyroid) hypertrophy and increased mortality (Mansfield et al., 2010; Gontier-



Latonnelle et al., 2007; Tripathi and Mishra, 2007; Denstadli et al., 2006a; Ng et al.,
2006; Krogdahl et al., 2003; Pereira et al., 2002; Bennetau-Pelissero et al., 2001; Francis
etal., 2001).

It is not always clear which ANF are responsible for these deleterious effects. As
plant proteins are used in aquaculture as fish meal replacements, any components
differing from what is found in fish meal could potentially be considered an ANF. To
identify which compounds are causative agents and which are nutritionally harmless,
suspect ANF, such as phytic acid and saponins are fed to salmonids to determine whether
a similar effect will be seen as when plant proteins containing these compounds are
consumed (Sgrensen et al., 2011; Denstadli et al., 2006a; Bureau et al., 1998).

Plant proteins can be processed into protein concentrates, which can have the
benefit of removing or reducing some ANF, such as fibre (Forster et al., 1999; McCurdy
and March, 1992; Thiessen et al., 2004). Other ANF require more ANF-specific
targeting, such as the use of phytase to liberate phosphorus from phytic acid (Thiessen et
al., 2004). Some ANF that are suspected to be problematic when included in salmonid

diets include phytic acid, saponins, tannins, isoflavones, glucosinolates and dietary fibre.

2.2.1. Phytic acid

In plant tissues, phosphorus is stored as phytic acid (myo-inositol-1,2,3,4,5,6-
hexakisphosphate, or IP1, IP2, IP3, IP4, IP5 and IP6) or its salt form, phytate (myo-
inositol-1,2,3,4,5,6-hexakis [dihydrogenphosphate]) (Raboy et al., 2001; Newkirk and
Classen, 1998). Many of the plant meals used in aquaculture contain phytic acid,

including soybeans, peas, canola, wheat, barley and oats (Lehrfeld, 1989).



In the form of phytic acid, phosphorus is not available for absorption by the
gastrointestinal tract and passes undigested in the feces. It also interferes with gastric and
intestinal proteases (Morales et al., 2011) and has a negative impact on amino acid
digestibility (Kemme et al., 1999). At physiological pH, phytic acid chelates other
minerals (other than phosphorus), such as calcium, magnesium, iron, copper and zinc,
which can lead to deficiencies (Pallauf et al., 1998; Lehrfeld, 1989).

Through plant breeding strategies, it is possible to decrease the phytic acid of
some crops while increasing their inorganic phosphorus levels, although these crop
varieties have lower yields than their predecessors (Raboy, 2009). Some treatments
include: heat treatment (Magoub and Elhag, 1998), soaking (Lestienne et al., 2005),
sprouting/germination (Sokrab et al., 2012) and fermentation with lactobacilli, which is
sometimes referred to as lactic acid fermentation (Palacios et al., 2008).

The most common and effective method to increase the available phosphorus in a
plant-based animal feed is to treat it with phytase, a microbial enzyme. Supplementing
organic acids, such as formic acid, in conjunction with phytase will further increase the
available phosphorus in a diet (Jongbloed et al., 2000). Phytase is also present in some
plant ingredients, such as wheat and barley, and improves phosphorus availability when
included in pig diets. However, the dephosphorylation action of plant phytase takes place
in the stomach (Kemme et al., 1998), which differs in temperature, size and retention
time from rainbow trout. As phytase activity can be temperature-dependent, and the
internal body temperature of fish such as rainbow trout is much lower than that of

terrestrial animals, phytase activity may be impaired. Thus, it may more effective to



dephosphorylate phytic acid in an incubation step during feed processing, such as with

the method used by Denstadli et al. (2006b).

2.2.2. Tannins

Tannins are phenolic compounds that complex with dietary components, such as proteins
and starch (Mariscal-Landin et al., 2004; Francis et al., 2001; Chung et al., 1998), and
minerals, such as iron, calcium, phosphorus, magnesium sodium, potassium and cobalt
(Hassan et al., 2003, Al-Mamary et al., 2001, House and Van Campen, 1994) in the
gastrointestinal lumen, decreasing their bioavailability. They also have an astringent
flavor that negatively impacts diet palatability (Bravo, 1998; Kumar and Vaithiyanathan,
1990).

Tannins can be found in legumes such as cowpeas, groundbeans, field peas
(yellow and green cotyledon) and soybeans, as well as in additional crops such as
sorghum and canola (Khattab et al., 2010; Egounlety and Aworth, 2003; Wang et al.,
1998; Fan et al., 1995; Chibber et al., 1978). As tannins are primarily found in the hull,
dehulling is also effective at reducing tannins (Egounlety and Aworth, 2003; Chibber et
al., 1978). Free tannins are solvent-extractable (Ping et al., 2011; Alipour and Rouzbehan,
2010; Chavan et al.,, 2001) and can be reduced during the production of protein
concentrates, such as SPC and CPC, which employ solvent extraction processing
methods. Tannins that are bound to protein and fibre require more extensive extraction

procedures (Terrill et al., 1992).
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2.2.3. Glucosinolates

Glucosinolates are secondary metabolites that play a protective role for the plants they
occur in, acting as pesticides and defense against herbivores and pathogens (Bennett and
Wallsgrove, 1994). There are approximately 120 known glucosinolates (Fahey et al.,
2001). They can be found in cruciferous crops, particularly those in the Brassica genus
(Tripathi and Mishra, 2007; Fenwick and Heaney, 1983).

Glucosinolates do not affect plant metabolism. They only cause active metabolic
effects after cell breakdown and death, whereby the crushing of plant tissue activates the
myrosinase-glucosinolate system (Grub and Abel, 2006). When activation occurs,
myrosinase in the plant comes into contact with the glucosinolates, hydrolyzing these
molecules (Bennett and Wallsgrove, 1994) to yield bioactive molecules such as
thiocyanates, isothiocyanates, oxazolidone-2-thiones, epithioalkanes and nitriles, which
are responsible for the sharp, bitter taste of glucosinolate-containing plants (Grub and
Abel, 2006).

High levels of glucosinolates in the diet can have a goitrogenic effect, interfering
with iodine uptake, in addition to reducing feed acceptance and growth and impairing
liver and kidney function (Tripathi and Mishra, 2007; Pereira et al., 2002). In rainbow
trout, glucosinolates impair growth and cause colloid goiter (Lanno and Dixon, 1996). In
poultry, glucosinolates in the diet reduce growth and egg production and cause off-
flavored eggs, enlarged thyroid glands and increased mortality (Tripathi and Mishra,
2007; Fenwick and Curtis, 1980). In pigs, glucosinolates impair growth and lead to

enlarged thyroid glands and livers (Tripathi and Mishra, 2007; Schone et al., 1988).
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Burel et al. (2001) show the effects of glucosinolates can be reversed or at least
reduced via dietary supplementation of iodine and monoiodothyronine. They also suggest
these effects may not be as marked in fish raised in a marine environment, rather than
fresh water, due to iodine supplied by the fishes’ habitat. Schone et al. (1988) were also
able to improve the thyroid status of pigs fed high glucosinolate rapeseed meal by
supplementing iodine in the diet. As dietary additives can counteract the negative dietary
impact of glucosinolates, this may also be taken into consideration during diet

formulation if negative growth effects are resulting from this ANF.

2.2.4. Saponins
Saponins, a compound found in snake venom (da Silva et al., 2007) are also present in
alfalfa, soybeans, chickpeas, lentils and oats (Sparg et al., 2004; Francis et al., 2002).
Saponins exist in a diverse range of forms. They are biologically active molecules that
consist of a non-sugar steroid (primarily in monocotyledonous angiosperms) or triterpene
(primarily in dicotyledonous angiosperms) aglycone bound to one, two or three sugar
side-chains (Oleszek and Bialy, 2006; Sparg, 2004, Oleszek, 2002, Lacaille-Dubois and
Wagner, 1996). Saponins are natural surfactants that foam in an aqueous environment,
precipitate cholesterol, cause hemolysis of red blood cells and are toxic when injected
(Knudsen et al., 2008, Sparg et al., 2004; Lacaille-Dubois and Wagner, 1996; Milgate and
Roberts, 1995).

When saponins are consumed, they are less toxic, but do cause damage to the
intestinal lumen. For poikilothermic animals, such as fish, saponins are considered toxins.

Their presence increases the permeability of the gut wall (lwashita et al., 2009; Sparg et
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al 2004; Francis et al., 2002; Gee et al., 1996; Onning et al., 1996; Johnson et al., 1986),
leaving it vulnerable to pathogens. This increase in gut permeability, in addition to
morphological changes in the intestinal tract, is referred to as non-infectious subacute
intestinal enteritis. It is accompanied by a reduction of growth when saponins are fed to a
number of fish species, including salmonids (Chen et al., 2011; Segrensen et al., 2011,
Refstie et al., 2010; Knudsen et al., 2008; Uran et al., 2008; Bureau et al., 1998), as well
as a decrease in feed intake when fed to Chinook salmon and rainbow trout (Bureau et al.,

1998).

2.2.5. Non-starch polysaccharides
Non-starch polysaccharide (NSP) is a term used for dietary fibre, which refers to all
polysaccharides except starches (alpha-glucans) (Sinha et al.,, 2011). NSPs include
cellulose, non-cellulosic polymers (arabinoxylans, mannans, xyloglucans, mixed link
beta-glucans) and pectic polysaccharides (arabinans, galactans, arabinogalactans) (Sinha,
2011; Meng and Slominski, 2005). NSP can also be classified based on whether or not
they are soluble in water (Englyst et al., 1994). Plants tend to contain both, although
generally in different proportions. Insoluble NSP fibre has a laxative effect and can be
found in higher proportions in wheat, barley, rice, beans and peas. Soluble NSP fibre can
be found at high levels in carrots, oranges and oats and has the effect of lowering plasma
cholesterol (Englyst, 1989; Topping, 2007).

In monogastric animals, NSP increase gut viscosity, which slows the passage rate
of intestinal contents, impairs gut function (physiology, morphology, microbial

population) and reduces nutrient digestibility (Sinha et al., 2011; Glencross et al., 2009;
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Owusu-Asiedu et al., 2006; Meng and Slominski, 2005; lji et al., 2001; Refstie et al.,

1999).

2.2.6. Isoflavones
Isoflavones are secondary metabolites that protect the plant against fungal infection and
consumption by herbivores (Want et al., 2006). Isoflavones can be found in legumes such
as alfalfa, pea and chickpea (Wang et al., 2006, Berhow, 2002), although the majority of
the studies involving plant isoflavones that are available in the literature primarily
focused on those found in soy. The three isoflavones of primary interest in soy are
genistein (4',5,7-trihydroxyisoflavone), daidzein (4',7-dihydroxyisoflavone) and glycitein
(4',7-dihydroxy-6-methoxyisoflavone). These three isoflavones also occur as malonyl-
glucoside conjugates (ie. 6”-O-malonyl-7-O-glucosyl-genestein) and glucoside
conjugates - daidzin (7-O-glucosyl-daidzein), glycitin (7-O-glucosyl-glycitein) and
genistin (7-O-glucosyl genistein) (Berhow, 2002; Barnes et al., 1994; Ng et al., 2006).
Isoflavones have antioxidative properties (Dixit et al., 2012, Rufer and Kulling,
2006), anti-inflammatory capabilities (Droke et al., 2007) and modulate inflammatory
signaling pathways (Dijsselbloem et al., 2004; Kim et al., 1998). The chemical structure
of isoflavones is similar to that of estrogen. Depending on the isoflavone and the system
they are acting on, they can elicit estrogenic or antiestrogenic effects (Federici et al.,
2006; Hwang et al., 2006). In sturgeon, and less markedly, in salmonids, isoflavones
increase gametogenesis (Gontier-Latonnelle et al., 2007, Bennetau-Pelissero et al., 2001).

In salmonids, they have also been shown to block estrogen metabolism (Ng et al., 2006).
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2.3. Nutritional modeling

Feeding rate, digestion, metabolism and accretion of energy and elements are all
functions of aquaculture nutrition. Each accrued bit of information can increase the
knowledge and understanding about the effects an individual ingredient and a complete
diet have on specific fish and fish species. A deterring factor to replacing fish meal with
plant proteins in salmonid diets while maintaining the same level of growth is the fact
that these plant-based feed ingredients contain ANF that impair fish growth. Nutritional
modeling may be a suitable method of introducing novel feed ingredients to salmonid
feeds by including the additional challenges associated with ANF in the formulation

process. The basis of nutritional models varies between studies.

2.3.1. Mass balance

Mass balance techniques used in nutritional modeling investigate matter entering and
leaving a system and take into account the difference. The input-output model (an
elemental mass balance model) can be used to model factors such as food conversion
efficiency and waste outputs. The model compares which components (and their levels)
of a given feed are utilized for growth and which are lost as waste (Johansson and
Nordvarg, 2002).

Input-output modeling can be used to determine the nutrient quality of an
ingredient on a digestible nutrient basis. Common digestibility studies calculate the
digestibility of nutrients in each ingredient based on solid waste output from the fish,
often with the use of an indigestible marker to determine apparent digestibility of the

ingredient (Thiessen et al., 2003). A diet formulated using digestible nutrients, such as
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digestible amino acid and energy values will more efficiently make use of the resources
the feed ingredients provide, without over- or under-utilizing what is available.

It should be noted that the commonly used digestibility calculations used in
aquaculture studies do not truly represent total waste output. Examination of total waste
excretion includes both solid and soluble output. Determining soluble waste excretion
includes measuring waste nitrogen passed through the urine and via gill transfer (Lauff

and Wood, 1996).

2.3.2. Energy flow
Feed energy is needed to maintain life processes and is used for osmoregulation,
respiration, circulation and swimming. Formation of wastes also costs nutrient and feed
energy. This must also be accounted for, not just the deposition of body components
necessary for growth. Bio-energetics can be used to illustrate how fish derive nutrients
and energy from their diets, with nutrients as standardized values with a common factor
and unit. This allows feeding and growth to be described in terms of energy flows. Bio-
energetics approaches used in the study of fish nutrition include investigating energy and
nutrient retention and respirometry. This can allow growth, feed utilization and oxygen
consumption to be modeled (McDonald et al., 1996, Zhou et al., 2005).

As growth rates vary, so do feed requirements. For every set of information
gathered in the nutritional modeling process, this information is garnered for a narrow set
of conditions. It is specific to age, species, genetics, size, diet, feed composition, water

temperature, lighting, day length, production system, stocking density. Changes in feeds,
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fish numbers, environmental factors, such as temperature all can have an effect on

production data with two separate sets resulting from these changes.

2.3.3. Dose response models

Statistical evaluations of performance of fish fed increasing levels of ingredients or
nutrients are carried out using a number of statistical models, including analysis of
variance (ANOVA), the broken line model (BLM), the broken saturated kinetics model
(BSKM) and the broken convex curve model (BCCM) (Hernandez-Llamas, 2009). There
is debate as to which of these models are most suitable in nutritional modeling for
aquafeeds, and as such, all are found in the literature, although ANOVA and the broken
line model are most commonly used.

These models all operate by forming a curve resulting from increasing levels of an
ingredient or nutrient until changes as a result of these increasing levels reach a plateau.
This plateau point shows the minimum inclusion level of an ingredient required to
produce the maximum positive effects on performance as a result of this ingredient.
Accuracy of such plateau points is sometimes argued as actual values must in some cases
be assumed based on inferences (Hernandez-Llamas, 2009).

Such models are commonly utilized to determine nutrient requirements, such as
for vitamins and minerals (Mohamed et al., 2003; Skonberg et al., 1997). These models
are also used to illustrate the relationship between a feed ingredient and growth, which is
commonly expressed as a regression analysis (Krogdahl et al., 2003). Additionally,
Ytrestoyl and Bjerkeng (2007) used a dose response model to investigate uptake of

astaxanthin in Atlantic salmon.
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2.3.4. Structural equation modeling

Structural equation modeling, more specifically, latent variable modeling is useful for
studies where it is difficult to obtain direct empirical results (Lamb et al., 2011; Yeh et
al., 2010; Lamb and Cahill, 2008, Golob, 2003, Baumgartner and Homburg, 1996). With
the use of structural equation modeling, the interrelationships (direct and indirect)
between different variables can be identified and expressed in the form of mathematical

equations (Lamb et al., 2011).

2.4. Meta-analysis

Meta-analyses are statistical studies commonly utilized in the medical field. They are all-
encompassing searches that thoroughly explore a specific scientific topic by comparing
and assimilating all available research in that subject area (DerSimonian and Laird,
1986). Results are converted to a numerical index, or effect size that assigns a single
value to the difference between results seen in a treatment group and those seen in the
control group for the study. In this way, results can be compared among studies (Hedges
and Vevea, 1998). To ensure unbiased results, meta-analyses are often planned and
performed in accordance with a number of predetermined guidelines and standards

(Higgins and Green, 2008; Moher et al., 2007; Moher et al., 1999).

2.5. Hypothesis
High levels of ANF, as well as high dietary inclusion levels of plant proteins containing

ANF, will negatively affect nutrient digestibility and fish growth, although these effects

18



will be dependent on the type and dose of the ANF fed, as well as the level of processing
undergone by the feed ingredient to remove specific ANF. A study of these relationships
will lead to the formation of nutritional models that explain fish performance when
different levels of plant-based feed ingredients and ANF are fed, and can be used to

predict rainbow trout growth and feed intake under certain dietary conditions.

2.6. Objectives

The objectives of this study were to determine the chemical composition of six model
ingredients (PM, PPC, SBM, SPC, CM, CPC) and their nutrient digestibility in rainbow
trout, the effect of these ingredients on the growth performance of rainbow trout at
individual inclusion levels of 0, 75, 150, 225 and 300 g/kg and the relationships between
the antinutrients in these ingredients and fish growth and produce a model that explains

the growth response of fish as a result of the quantity of specific antinutrients in the diet.
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3. EFFECT OF DIETARY PLANT PROTEIN INCLUSION ON GROWTH
RATE IN SALMONIDS: META-ANALYSIS OF SOYBEAN, PEA AND
CANOLA / RAPESEED MEALS AND PROTEIN CONCENTRATES

This chapter was published in Aquaculture and is cited as: Collins, S.A., @verland, M.,
Skrede, A., Drew, M.D. 2013. Effect of plant protein sources on growth rate in
salmonids: meta-analysis of dietary inclusion of soybean, pea and canola/rapeseed meals
and protein concentrates. Aquaculture. 400-401: 85-100. It is included in this thesis with
permission from Elsevier. The purpose of this study was to use advanced statistical
techniques to examine and compare all growth data available in the literature for
salmonid fish fed pea, soybean and canola / rapeseed meals and protein concentrates.
Through the use of these six meta-analyses, results were standardized, which allowed
direct comparisons among studies, and regression analysis was conducted to compare
growth results of fish fed these feed ingredients at varying dietary inclusion levels. This
study produces an initial set of growth models that allows prediction of salmonid growth
when fed these plant proteins. Further work in this manuscript will incorporate
information revealed in this chapter with additional data, such as ingredient ANF
composition to determine further information on why these plant proteins may have had

varying effects on salmonid growth performance.
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3.1. Abstract

Six parallel meta-analyses were conducted to determine the effect of the dietary inclusion
rate of pea meal (PM), pea protein concentrate (PPC), soybean meal (SBM), soy protein
concentrate (SPC), canola/rapeseed meal (CM) and canola/rapeseed protein concentrate
(CPC) on the specific growth rate (SGR) of salmonid fish. From 1794 growth studies
involving the feeding of these six test ingredients to salmonid fish, 45 studies were
selected for inclusion in the meta-analysis. The relationship between SGR and the dietary
inclusion level of plant-based feed ingredients was calculated using Cohen’s d (CD),
which measures differences between control and experimental means. The results of
these meta-analyses showed an increase in the dietary inclusion of SBM, SPC, CM and
CPC (not PM or PPC) leads to a significant reduction in SGR. Weighted regressions of
inclusion level for each test ingredient on effect size showed significant, negative linear
relationships between SGR and dietary inclusions of SBM, SPC, CM and CPC. For PM
and PPC, there was no significant relationship between SGR and inclusion rate. The
results suggest that the effect of plant ingredients on growth performance of salmonids
depends on the specific ingredients and their inclusion levels. The higher effect sizes
observed when ingredients are fed at lower inclusion levels and lack of significant impact
of feeding mixed diets suggest that feeding low levels of several ingredients might be

beneficial.
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3.2. Introduction
Depletion of wild fish stocks has led to the necessity of including plant-based ingredients
in fish feeds. A wide variety of plant-based ingredients and their use in fish feeds have
been investigated, including pulses, such as soybeans, peas, faba beans and lupins, as
well as protein sources such as canola, rapeseed, flax and cottonseed meal. The general
consensus of these studies is that replacing fish meal with plant products at high levels in
salmonid diets will negatively impact growth (Barrows et al., 2007; Lee et al., 2006;
Drew et al., 2005; de Francesco et al., 2004; Glencross et al., 2004; Leatherland and
Hilton, 1998; de la Higuera et al., 1988). These studies, however, use different
methodologies to assess ingredients. The use of controls and test ingredient inclusion
levels vary, as do the ways in which growth is depicted, including average daily gain,
specific growth rate (SGR) and thermal growth coefficient (TGC). SGR is a common
growth criteria in fish studies, although the use of TGC is increasing. There are
discrepancies among studies in the calculations of these parameters, as in some cases,
when growth is reported as SGR, the correct logarithmic equation is not used. What
remains constant, regardless of the calculation utilized, is the purpose of these growth
reporting methods, which is to serve as indicators of the effect of the test treatment.
Several reviews have been conducted on the topic of feeding plant proteins to fish.
In a meta-analysis, Sales (2009) investigated the effect of soybean meal (SBM) on
different fish species and Enami (2011) reviewed the use of canola/rapeseed in fish feeds.
These papers examine a single protein source, which makes comparisons between
ingredients difficult. A review article by Francis et al. (2001) addresses this dilemma,

although the focus is on the antinutritive properties of feed ingredients, rather than fish
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growth. In a recent study, Hua and Bureau (2012) used meta-analysis and simulated data
to examine the effect of plant proteins on TGC.

We investigated six plant-based fish feed ingredients by systematic review and
meta-analysis, using a standardized methodology to determine the relationships between
the dietary inclusion of these feed ingredients on growth in salmonids. The six
ingredients chosen for this study are: pea meal (PM), pea protein concentrate (PPC),
SBM, soy protein concentrate (SPC), canola/rapeseed meal (CM) and canola/rapeseed
protein concentrate (CPC). These ingredients vary in their nutrient (Table 2.1) and
antinutrient composition (Torstensen et al., 2008; Lee et al., 2006; Drew et al., 2005;
Burel et al., 2000; Oliva-Teles et al., 1994; Hilton and Slinger, 1986). They were selected
on the basis of available data and because they are recognized as commonly acceptable
protein sources. All are used in practice and are included in many commercial salmonid
diets. Protein concentrates from each of the three plant sources were selected to
determine if feeding these ingredients affects salmonid growth differently from
conventional meals.

The purpose of this meta-analysis is to: 1) Examine the completeness of the
research related to the replacement of fish meal with PM, PPC, SBM, SPC, CM and CPC
in salmonid diets and identify any information gaps. 2) Form a comprehensive illustration

and comparison of all available data in the literature.
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Table 3.2.1. Typical composition of plant protein sources included in this meta-analysis (values averaged from papers
in each data set, when reported), dry matter basis.

Pea meal Pea protein Soybean meal Soy protein Canola/rapeseed Canola/rapeseed
concentrate concentrate meal protein concentrate

Nutritional factors

Gross energy (MJ/kg) 20 8 21

Dry matter (MJ/kg) 925 900 888 932 903 956

Crude protein (g/kg) 229 421 495 627 387 724

Lipid (g/kg) 15 33 21 14 38

Ash (g/kg) 32 51 63 64 94 93

Phosphorus (g/kg) 6 8 16
Source(s) Thiessen et al. (2003)  @verland et al. @verland et al. (2009); Vielma et al. (2000) Shafaeipour et al. Thiessen et al.

(2009); Thiessen et Refstie et al. (2005);
al. (2003) Thiessen et al, (2003);
Vielma et al. (2000);
Leatherland and Hilton,
(1998); Refstie et al. (1998);
Davies et al. (1997); Oliva-
Teles et al. (1994); Watanabe
et al. (1993); Hardy and
Sullivan (1983)

(2008); Satoh et al. (2004)
(1998); Thiessen et
al. (2003); Burel et
al. (2000);

Leatherland and

Hilton (1998);
Abdou Dade et al.
(1990); Hardy and

Sullivan (1983)

* Values averaged from papers in each data set, when reported.
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3.3. Materials and Methods

3.3.1. Search strategy and inclusion criteria

Mix Version 2.0 (Bax, 2010) was used to conduct the meta-analyses following the
guidelines provided by the Cochrane Handbook for Systematic Reviews of Interventions
(Higgins and Green, 2008) and the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) Statement (Moher et al., 2007). A review protocol was not
registered. In January of 2012, study selection was conducted searching 1ISI WEB OF
KNOWLEDGE (1899-2010) and SCIRUS (1800-2011) using the following search terms
and Boolean operators: Topic = (canola OR pea OR peas OR rapeseed OR soy OR soya
OR soybean) AND Topic = (char OR salmon OR trout) AND Topic = (growth OR SGR).
These studies were separated based on ingredient type: PM, SBM, CM, PPC, SPC and
CPC. Manual searches supplemented the database search strategy and unpublished data
from our laboratories (Collins et al., 2012a,b; Drew, unpublished results) was included.
To prevent selection bias, pre-specified inclusion criteria were: 1) random allocation of
participants; 2) use of plant protein, not plant oil; 3) growth study; 4) use of salmonid fish
species; 5) presence of a control group not fed the test ingredient; 6) written in English or
French. Duplicate reports, reviews and conference proceedings were removed. Studies
that included high glucosinolate, high euricic acid rapeseed meal were excluded. Only
defatted SBM and CM were included in their respective meta-analyses. Studies
investigating other main effects, such as the effect of adding phytase to plant-based diets
were excluded, as were any studies where the test ingredient was included in the control
diet. In cases where diets contained more than one test ingredient, results were analyzed

separately for each individual test ingredient.

25



3.3.2. Data extraction

A standardized proforma was used to independently extract relevant data from each
study. These data included information on: study design, sample size, species, test
ingredient type and inclusion level. Additional requirements included the use of an
appropriate control diet, specific growth rate (SGR) as the measure of growth or
sufficient data to calculate SGR and a reported standard deviation (SD) or data sufficient

to calculate SD.

3.3.3. Statistical analysis
SGR values reported are based on the following equation: SGR = 100 * [(InW}) - (InW)]
/ D, where Wy and W; represent initial and final weights (experimental unit means),
respectively, and D represents the number of feeding days. Where trials reported growth
as TGC, SGR was calculated by the authors using other growth information reported
(Romarheim et al., 2006). In trials with factorial designs, only the growth data for the
treatments fed were compared (Yamamoto et al., 2002). In cases where experimental diet
formulation changed during the course of the experiment, data from the first experimental
period (until the change in dietary formulation) was used in the analysis, as in following
periods, start weights differed among treatments (Torstensen et al., 2008). If data were
not separated, the entire experimental period was used to calculate SGR.

Standardized differences between control and experimental means were measured
using Cohen’s d (CD; Cohen, 1998), with a 95% confidence interval (Cl) and an alpha
level of P < 0.05. The following equation was used to calculate CD: CD = (SGR¢ —

SGRr) / SDpooted, Where SGRc and SGRr represent the SGR of control diet-fed and test
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diet-fed fish, respectively, and SDpooleq represents the pooled standard deviation for the
two groups. Data were analyzed for normality according to z scores and normal quantile
plot (all six data sets were normally distributed). Q index was used to assess
heterogeneity, which was quantified by t*. Heterogeneity and sampling error were taken
into account by using a random-effects model to calculate summary statistics (Hedges
and Vevea, 1998). Data were pooled and weighted according to DerSimonian and Laird
(1986). Any study result found to have a weight within a meta-analysis less than 1% was
identified as an outlier and removed from the data set, which was then subjected to a
second meta-analysis.

Weighted linear and quadratic regression analysis of inclusion rate on CD was
performed using PASW Statistics Standard Version 19.0. (Version 19.0.0, SPSS Inc.,
Chicago, IL.). Data for each ingredient was subjected to linear and quadratic regressions

and the highest order model with the lowest P - value was reported.

3.3.4. Additional factors influencing specific growth rate

Other factors that could affect the results of a meta-analysis were analyzed, including:
initial weight, fish species (Atlantic salmon or rainbow trout), water environment (salt or
fresh), dietary processing conditions (cold-pressed, steam-pelleted or extruded), dietary
nutrient balance (defined as control and test diets that were isonitrogenous or balanced for
the same amino acids and isoenergetic with CP:GE ratios within 5% of one another - yes
or no), the use of palatability enhancers (betaine, krill or soluble fish protein - yes or no),
feeding regime, the use of blended diets (where one or more of the six ingredients

investigated in this paper were present in the diets of a study used to obtain information
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for another ingredient’s data set - yes or no) and the use of mismatched diets (where the
control and test diets did not contain the same ingredients as one another, excluding
micronutrient supplementation - yes or no). Additionally, whether or not the test
ingredient replaced fish meal in the control diet was explored. The following four
possibilities were considered: 1) fish meal inclusion was the same in the control and test
diet; 2) there was more fish meal in the control diet than in the test diet; 3) there was
more fish meal in the test diet than in the control diet; 4) no fish meal was included in
either diet. The aforementioned analyses were performed only where sufficient data were
available. Data were divided into the defined groups and differences between CD were
analyzed using the GLM procedure of PASW Statistics Standard Version 19.0.

Differences were considered significant at an alpha level of P < 0.05.
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3.4. Results
3.4.1. Study description
The trial selection process for this meta-analysis experiment is illustrated in Figure 2.6.1.
Sixty-four randomized, controlled trials were identified, of which 19 were excluded for
the following reasons: seven trials reported no measure of variation (Morris et al., 2005;
Teskeredzic et al., 1995; Arndt et al., 1999; Gomes et al., 1995; Kaushik et al., 1995;
Gomes et al., 1993; McCurdy and March, 1992), three trials had only one experimental
unit per treatment (Dabrowski et al., 1989; Alexis et al., 1985; Hardy and Sullivan, 1983),
one trial did not include growth information for fish fed the control diet (Brown et al.,
2003), six trials did not provide enough information to calculate SGR (Pierce et al., 2008;
Burrells et al., 1999; Sanden et al., 2006; Médale et al., 1998; Higgs et al., 1983, 1982),
one trial changed ingredient inclusion levels in the individual test diets throughout the
feeding period without recording weight between periods of diet alteration (Refstie et al.,
2001) and one trial did not include ingredient inclusion rates in the diet specifications
(Médale et al., 1998).

The inclusion criteria were met by 45 trials (Tables 2.6.2, 2.6.3, 2.6.4, 2.6.5, 2.6.6,
2.6.7). The sample sizes of these trials ranged from two to six experimental units /
treatment (a total of 858 experimental units) and were reported between 1986 and 2011.
Rainbow trout and Atlantic salmon were the species included. Inclusion rates ranged as
follows: PM, 75 — 300 g/kg; SBM, 50 — 780 g/kg; CM, 47 — 500 g/kg; PPC, 75 — 350
o/kg, SPC, 75 - 637 g/kg; CPC, 60 — 527 g/kg.

There were no outliers identified in the studies involving PM, PPC and CPC.

Seventeen of the results in the SBM data set (Table 2.6.4), two in the SPC data set (Table
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2.6.5) and four in the CM data set (Table 2.6.6) were identified as outliers and removed
from their respective data sets.

Of the 45 studies used for meta-analysis, 34 reported a decrease in SGR as the
result of the dietary inclusion of the six plant-based feed ingredients, while 15 reported
positive or neutral effects on SGR at some inclusion levels. Forest plots in Figures 2.6.2,
2.6.3, 2.6.4, 2.6.5, 2.6.6 and 2.6.7 show the pooled effect of individual ingredient

inclusion on SGR.
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Table 3.4.1. Data set for studies on the effect of dietary pea meal (PM) on the

specific growth rate (SGR) of salmonid fish

Author Species PM Treatment  Treatment  Control Control N
(g/kg) SGR SD SGR SD
Collins et al. (2012) rainbow trout 75 141 0.088 1.62 0.088 6
Alami-Durante et al. (2010)  rainbow trout 80 2.57 0.010 2.61 0.030 8
Alami-Durante et al. (2010)  rainbow trout 120 2.50 0.050 2.61 0.030 8
Drew et al. (2005) rainbow trout 120 1.13 0.122 1.19 0.122 12
Drew et al. (2005) rainbow trout 120 1.18 0.122 1.19 0.122 12
Collins et al. (2012) rainbow trout 150 1.32 0.088 1.62 0.088 6
Alami-Durante et al. (2010)  rainbow trout 163 2.25 0.020 2.61 0.030 8
de Francesco et al. (2004) rainbow trout 163 0.90 0.030 1.05 0.010 4
Collins et al. (2012) rainbow trout 225 1.30 0.088 1.62 0.088 6
Thiessen et al. (2003) rainbow trout 250 1.93 0.070 1.87 0.070 8
Collins et al. (2012) rainbow trout 300 1.53 0.088 1.62 0.088 6
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Table 3.4.2. Data set for studies on the effect of dietary pea protein concentrate
(PPC) on the specific growth rate (SGR) of salmonid fish.

Author Species PPC  Treatment Treatment Control Control N
(9/kg) SGR SD SGR SD
Collins et al. (2012) rainbow trout 75 1.35 0.033 1.25 0.033 6
Gao et al. (2011) rainbow trout 100 1.50 0.069 1.58 0.069 6
Gao et al. (2011) rainbow trout 102 1.51 0.069 1.50 0.069 6
Gao et al. (2011) rainbow trout 104 1.65 0.069 1.56 0.069 6
Penn et al. (2011) Atlantic salmon 130 0.61 0.017 0.63 0.017 6
Collins et al. (2012) rainbow trout 150 1.34 0.033 1.25 0.033 6
@verland et al. (2009) Atlantic salmon 200 121 0.087 1.18 0.087 6
@verland et al. (2009) Atlantic salmon 200 1.23 0.087 1.18 0.087 6
Thiessen et al. (2003) rainbow trout 200 1.94 0.070 1.87 0.070 8
Carter and Hauler (2000) Atlantic salmon 206 1.54 0.018 1.40 0.034 6
Moreno-Rojas et al. (2008) rainbow trout 210 1.07 0.027 1.06 0.027 8
Collins et al. (2012) rainbow trout 225 1.34 0.033 1.25 0.033 6
Carter and Hauler (2000) Atlantic salmon 276 1.48 0.025 1.40 0.034 6
Collins et al. (2012) rainbow trout 300 1.33 0.033 1.25 0.033 6
Penn et al. (2011) Atlantic salmon 350 0.56 0.017 0.63 0.017 6
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Table 3.4.3. Data set for studies on the effect of dietary soybean meal (SBM) on the

specific growth rate (SGR) of salmonid fish.

Author Species SBM Treatment  Treatment Control Control N
(g/kg) SGR SD SGR SD
Torstensen et al. (2008) Atlantic salmon 50 0.99 0.030 1.00 0.030 6
Collins et al. (2012) rainbow trout 75 0.62 0.068 0.55 0.068 6
Vielma et al. (2000) rainbow trout 121 1.46 0.017 1.42 0.017 6
Torstensen et al. (2008) Atlantic salmon 130 0.99 0.030 1.00 0.030 6
Torstensen et al. (2008)* Atlantic salmon 130 0.88 0.020 1.00 0.030 6
Refstie et al. (2010) Atlantic salmon 135 1.26 0.030 1.32 0.030 6
Selden et al. (2001)* rainbow trout 141 2.92 0.001 2.85 0.001 6
Lee et al. (2002)* rainbow trout 147 2.31 0.030 2.40 0.010 6
Lee et al. (2002) rainbow trout 147 2.37 0.010 2.40 0.010 6
Lee et al. (2002) rainbow trout 147 2.39 0.010 2.40 0.010 6
Collins et al. (2012) rainbow trout 150 0.67 0.068 0.55 0.068 6
Refstie et al. (2005) Atlantic salmon 153 1.31 0.035 1.34 0.035 6
Brinker and Reiter (2011)* rainbow trout 175 1.16 0.006 1.23 0.005 6
Brinker and Reiter (2011)* rainbow trout 175 1.17 0.009 1.24 0.009 6
Refstie et al. (2005) Atlantic salmon 175 1.27 0.035 1.34 0.035 6
Barrows et al. (2007) rainbow trout 190 1.83 0.119 2.13 0.128 6
Gao et al. (2011) rainbow trout 192 1.51 0.069 1.50 0.069 6
Gao et al. (2011) rainbow trout 195 1.65 0.069 1.56 0.069 6
Gao et al. (2011) rainbow trout 195 1.50 0.069 1.58 0.069 6
@verland et al. (2009) Atlantic salmon 200 1.09 0.087 1.18 0.087 6
Satoh et al. (2003) rainbow trout 200 1.49 0.060 1.53 0.030 6
Carter and Hauler (2000)* Atlantic salmon 204 1.52 0.009 1.40 0.034 6
Oliva-Teles et al. (1994)* rainbow trout 213 1.68 0.049 1.50 0.049 4
Collins et al. (2012) rainbow trout 225 0.54 0.068 0.55 0.068 6
Barrows et al. (2007) rainbow trout 231 1.94 0.115 2.06 0.110 6
Oliva-Teles et al. (1994)* rainbow trout 236 1.63 0.049 1.50 0.049 4
Romarheim et al. (2006)* rainbow trout 249 0.77 0.053 1.12 0.053 6
Watanabe et al. (1993)* rainbow trout 250 2.95 0.039 2.78 0.039 4
Watanabe et al. (1993)* rainbow trout 250 2.91 0.041 2.78 0.039 4
Watanabe et al. (1993)* rainbow trout 250 2.88 0.039 2.78 0.039 4
Watanabe et al. (1993) rainbow trout 250 2.82 0.041 2.78 0.039 4
Selden et al. (2001)* rainbow trout 255 2.81 0.001 2.85 0.001 6
Carter and Hauler (2000) Atlantic salmon 273 1.45 0.030 1.40 0.034 6
Refstie et al. (1998) Atlantic salmon 281 1.39 0.007 1.43 0.029 6
Selden et al. (2001) rainbow trout 287 2.81 0.001 2.85 0.001 6
Refstie et al. (2000) Atlantic salmon 296 0.78 0.010 1.01 0.004 6
Refstie et al. (2000) rainbow trout 296 1.04 0.013 1.06 0.011 6
Collins et al. (2012) rainbow trout 300 0.32 0.068 0.55 0.068 6
Pongmaneerat and Watanabe (1993)* rainbow trout 300 3.28 0.049 3.42 0.053 4
Pongmaneerat and Watanabe (1993) rainbow trout 300 3.38 0.048 3.42 0.056 4
Pongmaneerat and Watanabe (1993) rainbow trout 300 3.75 0.050 3.81 0.057 4
Watanabe et al. (1993) rainbow trout 300 2.71 0.038 2.78 0.039 4
Refstie et al. (2005) Atlantic salmon 308 1.22 0.052 1.34 0.035 6
Refstie et al. (2010)* Atlantic salmon 320 0.97 0.030 1.32 0.035 6
Refstie et al. (1998) Atlantic salmon 339 1.15 0.025 1.43 0.029 6
Selden et al. (2001)* rainbow trout 428 2.81 0.001 2.85 0.001 6
Yamamoto et al. (2002) rainbow trout 430 2.13 0.044 2.32 0.037 12
Yamamoto et al. (2002) rainbow trout 430 2.26 0.035 2.32 0.037 12
Heikkinen et al. (2006)* rainbow trout 450 1.60 0.033 2.99 0.066 10
Heikkinen et al. (2006) rainbow trout 450 2.71 0.092 2.71 0.083 10

(continued on next page)

* Indicates any study results found to have a weight within the meta-analysis less than 1%, which were identified as outliers and

removed from the data set.
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Author Species SBM Treatment  Treatment Control Control N
(g/kg) SGR SD SGR SD

(continued from previous page)

Kraugerud et al. (2007)* Atlantic salmon 463 0.52 0.002 0.95 0.002 4
Davies and Morris (1997)* rainbow trout 600 1.34 0.028 1.57 0.028 4
Davies and Morris (1997)* rainbow trout 600 1.28 0.028 1.57 0.028 4
Davies and Morris (1997)* rainbow trout 600 1.30 0.028 1.57 0.028 4
Davies and Morris (1997)* rainbow trout 600 1.36 0.028 1.57 0.028 4
Davies and Morris (1997)* rainbow trout 600 1.46 0.028 1.57 0.028 4
Refstie et al. (1997)* rainbow trout 600 1.49 0.033 1.77 0.025 6
Rumsey et al. (1994)* rainbow trout 780 1.02 0.013 2.13 0.013 4

* Indicates any study results found to have a weight within the meta-analysis less than 1%, which were identified as outliers and

removed from the data set.
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Table 3.4.4. Data set for studies on the effect of dietary soy protein concentrate

(SPC) on the specific growth rate (SGR) of salmonid fish.

Author Species SPC Treatment  Treatment Control Control N
(g/kg) SGR SD SGR SD
Collins et al. (2012) rainbow trout 75 0.72 0.059 0.74 0.059 6
Penn et al. (2011) Atlantic salmon 105 0.61 0.039 0.63 0.039 6
Collins et al. (2012) rainbow trout 150 0.71 0.059 0.74 0.059 6
Stickney et al. (1996) rainbow trout 159 2.77 0.102 3.09 0.102 6
Collins et al. (2012) rainbow trout 225 0.55 0.059 0.74 0.059 6
Barrows et al. (2007) rainbow trout 242 1.90 0.116 2.13 0.128 6
Collins et al. (2012) rainbow trout 300 0.60 0.059 0.74 0.059 6
Penn et al. (2011) Atlantic salmon 300 0.58 0.039 0.63 0.039 6
Vielma et al. (2000) rainbow trout 315 1.46 0.017 1.42 0.017 6
Stickney et al. (1996) rainbow trout 318 2.77 0.102 3.09 0.102 6
Mambrini et al. (1999) rainbow trout 320 1.61 0.025 1.59 0.025 6
Barrows et al. (2007) rainbow trout 322 1.91 0.116 2.06 0.110 6
Brinker and Reiter (2011)* rainbow trout 351 1.07 0.003 1.23 0.005 6
Brinker and Reiter (2011) rainbow trout 351 1.10 0.026 1.24 0.009 6
Denstadli et al. (2007) Atlantic salmon 426 0.90 0.060 1.00 0.049 6
Stickney et al. (1996) rainbow trout 477 2.75 0.102 3.09 0.102 6
Storebakken et al. (1998) Atlantic salmon 480 0.96 0.010 1.04 0.022 6
Mambrini et al. (1999) rainbow trout 490 1.43 0.025 1.59 0.025 6
Storebakken et al. (2000) Atlantic salmon 500 0.88 0.040 0.89 0.030 6
Rumsey et al. (1994)* rainbow trout 570 1.57 0.013 2.13 0.013 4
Stickney et al. (1996) rainbow trout 637 2.59 0.102 3.09 0.102 6

* Indicates any study results found to have a weight within the meta-analysis less than 1%, which were identified as outliers and

removed from the data set.
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Table 3.4.5. Data set for studies on the effect of dietary canola / rapeseed meal (CM)

on the specific growth rate (SGR) of salmonid fish.

Author Species CM Treatment  Treatment  Control Control N
(9/kg) SGR SD SGR SD
Alami-Durante et al. (2010) rainbow trout 47 2.57 0.010 2.61 0.030 8
Shafaeipour et al. (2008) rainbow trout 50 2.00 0.100 2.00 0.200 6
Alami-Durante et al. (2010) rainbow trout 75 2.50 0.050 2.61 0.030 8
Collins et al. (2012) rainbow tout 75 0.63 0.070 0.73 0.070 6
Burel et al. (2001) rainbow trout 100 1.86 0.253 1.76 0.077 6
Alami-Durante et al. (2010)* rainbow trout 100 2.25 0.020 2.61 0.030 8
de Francesco et al. (2004)* rainbow trout 100 0.90 0.030 1.05 0.010 4
Shafaeipour et al. (2008) rainbow trout 100 1.90 0.100 2.00 0.200 6
Satoh et al. (1998)* Chinook salmon 130 0.93 0.030 1.07 0.032 4
Hilton and Slinger (1986) rainbow trout 135 2.61 0.056 2.70 0.059 8
Collins et al. (2012) rainbow tout 150 0.63 0.070 0.73 0.070 6
Shafaeipour et al. (2008) rainbow trout 150 2.00 0.200 2.00 0.200 6
Abdou Dade et al. (1990) rainbow trout 200 1.67 0.014 1.67 0.014 4
Burel et al. (2001) rainbow trout 200 1.77 0.049 1.76 0.077 6
Shafaeipour et al. (2008) rainbow trout 200 2.00 0.200 2.00 0.200 6
Thiessen et al. (2003) rainbow trout 200 1.87 0.070 1.87 0.070 8
Collins et al. (2012) rainbow tout 225 0.49 0.070 0.73 0.070 6
Shafaeipour et al. (2008) rainbow trout 250 1.90 0.200 2.00 0.200 6
Satoh et al. (1998)* Chinook salmon 262 0.79 0.034 1.07 0.032 4
Hilton and Slinger (1986) rainbow trout 269 2.49 0.061 2.70 0.059 8
Leatherland and Hilton (1998) rainbow trout 269 2.56 0.050 2.66 0.052 6
Burel et al. (2000) rainbow trout 300 2.21 0.129 2.36 0.121 6
Burel et al. (2001) rainbow trout 300 1.79 0.085 1.76 0.077 6
Collins et al. (2012) rainbow tout 300 0.48 0.070 0.73 0.070 6
Shafaeipour et al. (2008) rainbow trout 300 2.00 0.200 2.00 0.200 6
Hilton and Slinger (1986) rainbow trout 350 241 0.030 2.75 0.126 8
Hilton and Slinger (1986) rainbow trout 350 241 0.103 2.75 0.126 8
Hilton and Slinger (1986) rainbow trout 360 2.34 0.070 2.75 0.126 8
Hilton and Slinger (1986) rainbow trout 404 2.38 0.033 2.70 0.059 8
Burel et al. (2001) rainbow trout 500 2.00 0.140 2.36 0.121 6

* Indicates any study results found to have a weight within the meta-analysis less than 1%, which were identified as outliers and

removed from the data set.
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Table 3.4.6. Data set for studies on the effect of dietary canola / rapeseed protein
concentrate (CPC) on the specific growth rate (SGR) of salmonid fish.

Author Species CPC Treatment Treatment Control Control N
(9/kg) SGR SD SGR SD

Thiessen et al. (2004) rainbow trout 60 1.40 0.096 1.35 0.096 10
Collins et al. (2012) rainbow trout 75 0.56 0.095 0.52 0.095 6
Thiessen et al. (2004) rainbow trout 120 1.26 0.096 1.35 0.096 10
Collins et al. (2012) rainbow trout 150 0.54 0.095 0.52 0.095 6
Thiessen et al. (2004) rainbow trout 180 1.22 0.096 1.35 0.096 10
Thiessen et al. (2004) rainbow trout 180 1.31 0.096 1.35 0.096 10
Drew et al. (2007) rainbow trout 193 1.25 0.104 1.38 0.104 12
Collins et al. (2012) rainbow trout 225 0.34 0.095 0.52 0.095

Stickney et al. (1996) rainbow trout 259 2.96 0.102 3.09 0.102

Drew et al. (2007) rainbow trout 290 1.24 0.104 1.38 0.104 12
Collins et al. (2012) rainbow trout 300 0.34 0.095 0.52 0.095 6
Thiessen et al. (2004) rainbow trout 330 2.17 0.213 221 0.213 8
Thiessen et al. (2004) rainbow trout 330 2.15 0.213 221 0.213 8
Drew et al. (2007) rainbow trout 386 1.19 0.104 1.38 0.104 12
Forster et al. (1999) rainbow trout 416 1.86 0.072 1.94 0.072 6
Thiessen et al. (2004) rainbow trout 490 1.98 0.213 221 0.213 8
Thiessen et al. (2004) rainbow trout 490 2.18 0.213 221 0.213 8
Stickney et al. (1996) rainbow trout 527 2.64 0.102 3.09 0.102 6
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1794 Reports identified
1005 1SI WEB OF KNOWLEDGE (1899- 2010)
787 SCIRUS (1800-2011)

1730 Reports excluded based on title or abstract
Duplicate reports
Conference proceedings
Reviews
Wrong species
Wrong ingredients
Not in English or French
Not a growth study
Not an ingredient-based study
Oil, not meal
Lack of appropriate control

\ 4

\ 4

64 Full reports reviewed

19 Reports excluded
No measure of variation
Only 1 experimental unit / treatment
Main effects of ingredients unreported
Lack of necessary growth data
Ingredients subjected to additional treatment
Ingredient inclusion rate not reported

\ 4

\ 4

45 Reports included in the meta-analysis

Figure 3.4.1. Flow diagram of study selection process for meta-analysis.
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Study PM (g/kg)
Collins et al. (2012) ﬂ: 75
Alami-Durante et al. (2010) 80
Alami-Durante et al. (2010) —1— 120
Drew et al. (2005) i 120
Drew et al. (2005) 120
Collins et al. (2012) —_—— 150
Alami-Durante et al. (2010) - 163
de Francesco et al. (2004) - 163
Collins et al. (2012) —_— 225
Thiessen et al. (2003) -+ 250
Collins et al. (2012) — 300
=
-30 -25 -20 -15 -10 -5 0 5

Effect size (CD)
Figure 3.4.2. Forest plot of treatment effect sizes (CD) by pea meal (PM) dietary
concentration.
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Study PPC (g/kg)
Collins et al. (2012) +T—— 75
Gao et al. (2011) —— 100
Gao et al. (2011) —a1 102
Gao et al. (2011) = 104
Penn et al. (2011) —— 130
Collins et al. (2012) 4 150
@verland et al. (2009) — 200
@verland et al. (2009) — 200
Thiessen et al. (2003) —I 200
Carter and Hauler (2000) = 206
Moreno-Rojas et al. (2008) —H— 210
Collins et al. (2012) T 225
Carter and Hauler (2000) —+—— 276
Collins et al. (2012) 14— 300
Penn et al. (2011) - 350
10 5 0 5 10 15

Effect size (CD)

Figure 3.4.3. Forest plot of treatment effect sizes (CD) by pea protein concentrate
(PPC) dietary concentration.
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Study

Torstensen et al. (2008)
Collins et al. (2012)
Vielma et al. (2000)
Torstensen et al. (2008)
Refstie et al. (2010)
Lee et al. (2002)

Lee et al. (2002)
Collins et al. (2012)
Refstie et al. (2005)
Refstie et al. (2005)
Barrows et al. (2007)
Gao et al. (2011)

Gao et al. (2011)

Gao et al. (2011)
@verland et al. (2009)
Satoh et al. (2003)
Collins et al. (2012)
Barrows et al. (2007)
Watanabe et al. (1993)
Carter and Hauler (2000)
Refstie et al. (1998)
Refstie et al. (2000)
Refstie et al. (2000)
Collins et al. (2012)
Pongmaneerat and Watanabe (1993)
Pongmaneerat and Watanabe (1993)
Watanabe et al. (1993)
Refstie et al. (2005)
Refstie et al. (1998)
Yamamoto et al. (2002)
Yamamoto et al. (2002)
Heikkinen et al. (2006)

§

-10

Figure 3.4.4. Forest plot of treatment effect sizes (CD) by soybean meal (SBM)
dietary concentration.
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Study SPC (g/kg)
Collins et al. (2012) —II— 75

Penn et al. (2011) T+ 105
Collins et al. (2012) —— 150
Stickney et al. (1996) —_——— 159
Collins et al. (2012) —_— 225
Barrows et al. (2007) —a— 242
Collins et al. (2012) —a1— 300
Penn et al. (2011) — 300
Vielma et al. (2000) —— 315
Stickney et al. (1996) —_— 318
Mambrini et al. (1999) o 320
Barrows et al. (2007) — 322
Brinker and Reiter (2011) = 351
Denstadli et al. (2007) —— 426
Stickney et al. (1996) —_— 477
Storebakken et al. (1998) = 480
Mambrini et al. (1999) = 490
Storebakken et al. (2000) —— 500
Stickney et al. (1996) - 637
_<>——
-20 -15 -10 -5 0 5 10

Efect size (CD)

Figure 3.4.5. Forest plot of treatment effect sizes (CD) by soy protein concentrate
(SPC) dietary concentration.
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Study

Alami-Durante et al. (2010)
Shafaeipour et al. (2008)
Alami-Durante et al. (2010)
Collins et al. (2012)

Burel et al. (2001)
Shafaeipour et al. (2008)
Hilton and Slinger (1986)
Collins et al. (2012)
Shafaeipour et al. (2008)
Abdou Dade et al. (1990)
Burel et al. (2001)
Shafaeipour et al. (2008)
Thiessen et al. (2003)
Collins et al. (2012)
Shafaeipour et al. (2008)
Hilton and Slinger (1986)

Leatherland and Hilton (1998)

Burel et al. (2000)

Burel et al. (2001)
Collins et al. (2012)
Shafaeipour et al. (2008)
Hilton and Slinger (1986)
Hilton and Slinger (1986)
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Figure 3.4.6. Forest plot of treatment effect sizes by canola / rapeseed meal (CM)

dietary concentration.
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Study CPC (g/kg)
Thiessen et al. (2004) —T 60
Collins et al. (2012) = 75
Thiessen et al. (2004) —a— 120
Collins et al. (2012) +— 150
Thiessen et al. (2004) = 180
Thiessen et al. (2004) — = 180
Drew et al. (2007) —= 193
Collins et al. (2012) - 225
Stickney et al. (1996) = 259
Drew et al. (2007) — 290
Collins et al. (2012) - 300
Thiessen et al. (2004) —1 330
Thiessen et al. (2004) — 330
Drew et al. (2007) ——1 386
Forster et al. (1999) L 416
Thiessen et al. (2004) = 490
Thiessen et al. (2004) e 490
Stickney et al. (1996) - 527
—_—
10 5 0 5

Effect size (CD)

Figure 3.4.7. Forest plot of treatment effect sizes (CD) by dietary canola / rapeseed
protein concentrate (CPC) concentration.
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concentrate; SPC (E) canola / rapeseed meal; CM (F) canola / rapeseed
protein concentrate; CPC.
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3.4.2. Pea meal

Eleven data points from five studies were included in the analysis (Table 2.6.2). Only

rainbow trout were used in these studies. Effect size (Table 2.6.8; Figure 2.6.2) ranged

from -16.31 (163 g/kg) to 0.99 (250 g/kg). All but one data point showed negative CD

values for SGR. The overall mean of the PM meta-analysis was -1.98 (95% CI: -3.24 to

0.71; P = 0.002). The weighted linear and quadratic regressions were not significant

(Figure 2.6.8A).

Table 3.4.7. Meta-analysis synthesis details for the effect size (CD) for specific
growth rate (SGR) when including pea meal (PM) in salmonid diets.

Author PM (g/kg)  Effect Size P-value  Weight (%)
(CD)
Collins et al. (2012) 75 -2.92 0.027 9.30
Alami-Durante et al. (2010) 80 -2.07 0.026 11.57
Alami-Durante et al. (2010) 120 -3.08 0.007 10.32
Drew et al. (2005) 120 -0.54 0.361 13.47
Drew et al. (2005) 120 -0.09 0.877 13.53
Collins et al. (2012) 150 -4.18 0.013 7.45
Alami-Durante et al. (2010) 163 -16.31 0.001 1.64
de Francesco et al. (2004) 163 -9.49 0.050 1.59
Collins et al. (2012) 225 -4.46 0.012 7.07
Thiessen et al. (2003) 250 0.99 0.194 12.52
Collins et al. (2012) 300 -1.25 0.178 11.55
Overall - -1.98 0.002 100.00

3.4.3. Pea protein concentrate

Fifteen data points from seven studies were used in the analysis of PPC (Table 2.6.3).

Three studies used Atlantic salmon and four used rainbow trout. Ingredient effect size

ranged from -4.95 (350 g/kg) to 6.07 (276 g/kg) (Table 2.6.9; Figure 2.6.3). The overall

mean of effect size for the meta-analysis was 1.05 (95% CI: 0.09 to 2.01; P = 0.004). The
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linear weighted regression of inclusion rate on CD (Figure 2.6.8B) was not significant (P

=0.119).

Table 3.4.8. Meta-analysis synthesis details for the effect size (CD) for specific
growth rate (SGR) when including pea protein concentrate (PPC) in
salmonid diets.

Study PPC Effect size P-value Weight (%)
(9/kg) (CD)
Collins et al. (2012) 75 3.71 0.016 5.20
Gao et al. (2011) 100 -1.50 0.124 7.56
Gao et al. (2011) 102 0.11 0.896 8.29
Gao et al. (2011) 104 1.53 0.118 7.53
Penn et al. (2011) 130 -1.41 0.140 7.63
Collins et al. (2012) 150 3.34 0.020 5.59
@verland et al. (2009) 200 0.42 0.611 8.23
@verland et al. (2009) 200 0.70 0.410 8.12
Thiessen et al. (2003) 200 1.16 0.140 8.46
Carter and Hauler (2000) 206 6.07 0.008 3.20
Moreno-Rojas et al. (2008) 210 0.43 0.554 8.76
Collins et al. (2012) 225 3.34 0.020 5.59
Carter and Hauler (2000) 276 3.14 0.023 5.82
Collins et al. (2012) 300 2.97 0.026 6.00
Penn et al. (2011) 350 -4.95 0.010 4.02
Overall - 1.05 0.003 100.00

3.4.4. Soybean meal

Fifty-eight data points from 24 studies were used in the analysis of SBM (Table 2.6.4).
Rainbow trout constituted 43 data points from 17 studies, while Atlantic salmon
represented 15 data points from eight studies. Ingredient effect size (Table 2.6.10; Figure
2.6.4) ranged from -5.12 (430 g/kg) to 2.88 (121 g/kg). The overall effect size was -1.05
(95% CI: -1.65 to -0.46; P = 0.001). The slope of the weighted linear regression of

inclusion rate on CD (Figure 2.6.8C) was significantly negative (P = <0.001).

47



Table 3.4.9. Meta-analysis synthesis details for the effect size (CD) for specific
growth rate (SGR) when including soybean meal (SBM) in salmonid diets.

Study SBM Effect size P-value  Weight (%0)
(9/kg) (CD)
Torstensen et al. (2008) 50 -0.41 0.623 3.78
Collins et al. (2012) 75 1.26 0.175 3.52
Vielma et al. (2000) 121 2.88 0.027 2.66
Torstensen et al. (2008) 130 -0.41 0.623 3.78
Refstie et al. (2010) 135 -2.45 0.040 291
Lee et al. (2002) 147 -3.67 0.017 2.24
Lee et al. (2002) 147 -1.22 0.185 3.54
Collins et al. (2012) 150 2.16 0.053 3.07
Refstie et al. (2005) 153 -1.05 0.241 3.60
Refstie et al. (2005) 175 -2.45 0.040 291
Barrows et al. (2007) 190 -2.97 0.026 2.61
Gao et al. (2011) 192 0.18 0.828 3.80
Gao et al. (2011) 195 1.60 0.108 3.37
Gao et al. (2011) 195 -1.42 0.139 3.45
@verland et al. (2009) 200 -1.27 0.174 3.52
Satoh et al. (2003) 200 -1.03 0.248 3.61
Collins et al. (2012) 225 -0.18 0.826 3.80
Barrows et al. (2007) 231 -1.31 0.164 3.50
Watanabe et al. (1993) 250 141 0.248 2.83
Carter and Hauler (2000) 273 1.91 0.072 3.20
Refstie et al. (1998) 281 -2.76 0.030 2.73
Refstie et al. (2000) 296 -2.98 0.025 2.61
Refstie et al. (2000) 296 -2.96 0.026 2.62
Collins et al. (2012) 300 -4.14 0.014 2.02
Pongmaneerat and Watanabe (1993) 300 -1.08 0.340 3.02
Pongmaneerat and Watanabe (1993) 300 -1.58 0.215 2.73
Watanabe et al. (1993) 300 -2.57 0.114 2.09
Refstie et al. (2005) 308 -3.32 0.020 2.43
Refstie et al. (1998) 339 -3.34 0.044 2.97
Yamamoto et al. (2002) 430 -5.12 0.000 2.71
Yamamoto et al. (2002) 430 -1.83 0.001 4.09
Heikkinen et al. (2006) 450 0.00 1.000 4.28
Overall - -1.05 0.001 100.00

3.4.5. Soy protein concentrate

Twenty-one data points from ten studies were used in the analysis of the effect of SPC on
growth performance (Table 2.6.5). Six studies with 16 data points using rainbow trout
and four studies with five data points using Atlantic salmon were represented in the data

set. Ingredient effect size (Table 2.6.11; Figure 2.6.5) ranged from -8.81 (351 g/kg) to
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2.83 (315 g/kg). The overall effect size was -1.98 (95% CI: -2.95 to 1.02; P = <0.001).
The slope of the weighted linear regression (Figure 2.6.8D) was significantly negative (P

= 0.001).

Table 3.4.10. Meta-analysis synthesis details for the effect size (CD) for specific
growth rate (SGR) when including soy protein concentrate (SPC) in
salmonid diets.

Study SPC Effect size P-value Weight (%)
(9/kg) (CD)
Collins et al. (2012) 75 -0.42 0.617 7.11
Penn et al. (2011) 105 -0.63 0.458 7.05
Collins et al. (2012) 150 -0.62 0.461 7.05
Stickney et al. (1996) 159 -3.84 0.015 4.64
Collins et al. (2012) 225 -3.94 0.015 4.56
Barrows et al. (2007) 242 -2.29 0.046 5.99
Collins et al. (2012) 300 -2.91 0.027 5.46
Penn et al. (2011) 300 -1.58 0.112 6.56
Vielma et al. (2000) 315 2.83 0.027 5.49
Stickney et al. (1996) 318 -3.84 0.015 4.64
Mambrini et al. (1999) 320 1.42 0.269 6.91
Barrows et al. (2007) 322 -1.70 0.104 6.52
Brinker and Reiter (2011) 351 -8.81 0.006 1.86
Denstadli et al. (2007) 426 -2.11 0.049 6.05
Stickney et al. (1996) 477 -4.08 0.014 4.44
Storebakken et al. (1998) 480 -5.73 0.009 3.25
Mambrini et al. (1999) 490 -7.65 0.007 2.20
Storebakken et al. (2000) 500 -0.35 0.675 7.12
Stickney et al. (1996) 637 -6.00 0.008 3.09
Overall - -1.98 <0.001 100.00

3.4.6. Canola meal

The data set for CM contained 30 data points from 12 studies (Table 2.6.6). All
studies were performed using rainbow trout except for one study with two data
points that used Chinook salmon, which were both found to be outliers and not
included in the final meta-analysis. Ingredient effect size ranged from -7.65 (404
o/kg) to 0.67 (100 g/kg) (Table 2.6.1.4.12; Figure 2.6.6). The overall effect size was

-1.53 (95% CI: -2.17 to -0.89; P = <0.001). The weighted quadratic regression of
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inclusion rate on CD was significant (P = <0.001) and showed feeding CM at
dietary inclusion levels of 300 g/kg and higher decreases effect size (Figure

2.6.8E).

Table 3.4.11. Meta-analysis synthesis details for the effect size (CD) for specific
growth rate (SGR) when including canola / rapeseed meal (CM) in salmonid

diets.
Study CM Effect size P-value Weight
(akg)  (CD) (%)
Alami-Durante et al. (2010) 47 -2.07 0.026 4.35
Shafaeipour et al. (2008) 50 0.00 1.000 4.71
Alami-Durante et al. (2010) 75 -3.08 0.007 3.69
Collins et al. (2012) 75 -1.75 0.088 4.03
Burel et al. (2001) 100 0.67 0.433 4.59
Shafaeipour et al. (2008) 100 -0.78 0.368 4.56
Hilton and Slinger (1986) 135 -1.74 0.045 454
Collins et al. (2012) 150 -1.75 0.088 4.03
Shafaeipour et al. (2008) 150 0.00 1.000 471
Abdou Dade et al. (1990) 200 -0.49 0.634 4.01
Burel et al. (2001) 200 0.21 0.794 4.70
Shafaeipour et al. (2008) 200 0.00 1.000 4.71
Thiessen et al. (2003) 200 0.00 1.000 5.08
Collins et al. (2012) 225 -4.20 0.013 2.39
Shafaeipour et al. (2008) 250 -0.87 0.321 4.52
Hilton and Slinger (1986) 269 -4.11 0.003 3.04
Leatherland and Hilton (1998) 269 -3.23 0.021 2.99
Burel et al. (2001) 300 -1.43 0.136 4.23
Burel et al. (2001) 300 0.47 0.575 4.65
Collins et al. (2012) 300 -4.37 0.012 2.29
Shafaeipour et al. (2008) 300 0.00 1.000 4.71
Hilton and Slinger (1986) 350 -4.38 0.003 2.89
Hilton and Slinger (1986) 350 -3.46 0.005 3.45
Hilton and Slinger (1986) 360 -4.68 0.002 2.72
Hilton and Slinger (1986) 404 -7.65 0.001 1.53
Burel et al. (2001) 500 -3.38 0.020 2.89
Overall - -1.53 <0.001 100.00
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3.4.7. Canola protein concentrate

The CPC data set had 18 data points from five studies (Table 2.6.7), all with rainbow

trout. Ingredient effect size (Table 2.6.13; Figure 2.6.7) ranged from -5.31 (527 g/kg) to

0.58 (60 g/kg). The overall effect size was -0.84 (95% CI: -1.20 to -0.48; P = <0.001).

The weighted linear regression (Figure 2.6.8F) was significantly negative (P = <0.001).

Table 3.4.12. Meta-analysis synthesis details for the effect size (CD) for specific
growth rate (SGR) when including canola / rapeseed protein concentrate
(CPC) in salmonid diets.

Study CPC  Effectsize P-value  Weight
(g/kg) (CD) (%)
Thiessen et al. (2004) 60 0.58 0.370 6.05
Collins et al. (2012) 75 0.52 0.538 4.49
Thiessen et al. (2004) 120 -1.05 0.126 5.71
Collins et al. (2012) 150 0.26 0.754 4.59
Thiessen et al. (2004) 180 -1.51 0.040 5.25
Thiessen et al. (2004) 180 -0.47 0.469 6.11
Drew et al. (2007) 193 -1.37 0.036 6.00
Collins et al. (2012) 225 -2.32 0.045 281
Stickney et al. (1996) 259 -1.46 0.130 3.68
Drew et al. (2007) 290 -1.43 0.030 5.95
Collins et al. (2012) 300 -2.32 0.045 2.81
Thiessen et al. (2004) 330 -0.21 0.765 5.48
Thiessen et al. (2004) 330 -0.33 0.648 5.45
Drew et al. (2007) 386 -1.96 0.007 5.35
Forster et al. (1999) 416 -1.36 0.151 3.79
Thiessen et al. (2004) 490 -1.21 0.125 4.83
Thiessen et al. (2004) 490 -0.14 0.842 5.50
Stickney et al. (1996) 527 -5.31 0.010 1.06
Overall -0.84 <0.001 100.00

3.4.8. Additional factors influencing specific growth rate

The effects of additional factors on SGR are shown in Table 2.6.14. Initial weight of the

fish had a significant impact on PPC and CM-fed fish, as did dietary processing

conditions on CM-fed fish. Because one or more groups had fewer than two cases, post-
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hoc analysis was not possible, although CD tended to decrease as initial weight increased
for the PPC-fed fish. For the CM-fed fish, the CD was lower in fish with an initial weight
of 2.0 g and it tended to increase with fish size.

Among available data points of CM-fed fish, CDs were significantly lower when
diets were steam-pelleted (-4.18) than in cases where the diets were cold-pressed (-1.57).
The experiment with extruded diets had the highest CD, but this was for only one data
point in the CM data set.

Whether or not the diet was balanced for nutrients had a significant impact on the
CD of fish fed CM and PPC. In the CM trials, fish fed diets that were not balanced for
nutrient content had a significantly lower average CD (-4.34) than fish fed diets balanced
for nutrient content (-0.66). In the PPC trials, fish fed unbalanced diets had an average
CD of -0.70, which was significantly lower than the CD of fish fed balanced diets (2.96).
Feeding regime also had a significant impact on the CD of fish fed SBM and CM. In the
SBM data set, the CD was highest in fish fed 1x / day (2.88), although this was only for
one data point. After this, fish with the highest CD (-0.75) were fed 2x / day, followed by
fish who were fed 3x / day (-0.94) and those who were fed continuously (-2.29). In the
CM data set, fish fed continuously had a significantly lower average CD (-4.18) than fish
fed 2 or 3x / day (-1.63 and -0.28, respectively).

In the CM data set, when fish were fed fish meal at an inclusion level equal to or
lower than the fish meal level in the control diet, the CD was significantly lower (-3.20 vs
-1.37). For all other test ingredients and factors, results were either not significant or there

was insufficient data to determine whether or not they had an impact on SGR.

52



Table 3.4.13. Additional factors influencing specific growth rate (SGR).

PM PPC SBM SPC CM CPC
Initial weight P =0.370 P =0.006 P =0.452 P=0.173 P =<0.001 P =0.163
Species All rainbow P = 0.493 P = 0.380 P = 0570 All rainbow All rainbow
trout trout trout
Water P =0.570
environment All fresh P =0.342 P=0.224 (mirrors All fresh All fresh
species)
procecding | Al pellted (nformtion
processing except forone | P =0.069 P =0.834 ror P =0.009 P =0.881
conditions - missing for
data point .
one data point)
fD'et balanced All yes P =0.004 P = 0.289 P =0671 P = 0.001 All yes
or nutrients
oy | AT
palatability P P =0.541 for one data P=0.122 P =0.354
one data .
enhancers . point
point
Feeding All fed 2x /
regime Allfed 27\ p _ g 605 P=0025 P =0.206 p=ooo1 | Ua. except
day for one data
point
Blended diets P = 0.729 One b_Iended One b_Iended One b_Iended P =0.177 All no
diet diet diet
g’i'g;"amhed P =0.387 P =0.799 P =0.452 P =0.962 P=0.914 P = 0.456
More fish meal All yes
in control diet All yes, (information
- except for one All yes L All yes P =0.031 P =0.953
relative to test d - missing for
ata point

diet

one data point)
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3.5. Discussion

3.5.1. Plant ingredients

The urgent need to include fish meal replacements in salmonid diets has prompted
extensive research into alternative plant protein sources. While plant ingredients are
generally thought to have a negative effect on salmonid growth performance, the different
methodologies used in published studies make it difficult to come to a definitive
conclusion. In the present study, the data on SBM and CM comprised a large number of
studies, whereas our findings with PM, PPC, SPC and CPC were based on fewer studies
and should be considered to be less conclusive.

The papers used in this study represent over 25 years of research. In this time span,
several factors affecting fish growth responses to plant ingredients may have occurred,
such as changes in the chemical and physical properties of the ingredients due to
advances in plant breeding. For example, the glucosinolate content of canola has
decreased since the 1970s, but still has a high level of variation. In 2011, canola
glucosinolate levels in western Canada varied from 4.3 to 17.0 umoles/g (Barthet, 2011).
Differences among studies would be expected to be due to feed-related factors, such as
feed ingredient characteristics and the nutritional and physical properties of the diets.

Reduced growth performance may be partly explained by reduced protein, amino
acid, lipid and energy digestibility, if not compensated by increased feed intake. The
negative effects of plant ingredients on salmonid growth are generally ascribed to
antinutritional factors. In these meta-analyses, data is not specified on antinutrient
content, due to a lack of available information. Noteworthy, PM and PPC had no

significant effect on SGR in the present study, which may be related to lower levels of
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critical antinutrients in diets with pea products than in diets with products from soybeans

and canola/rapeseed.

3.5.2. Diet formulation
The protein quality of the control diet may have had an impact on the results of some
studies. The amino acid composition of the diet, either through supplementation or
dietary formulation can influence SGR. Unfortunately, information on ingredient and
dietary amino acid composition is lacking in many papers. Mundheim et al. (2004) found
that replacing high-quality fish meal with a plant protein blend reduced the growth of
Atlantic salmon to a greater extent than when a medium-quality fish meal was replaced.
Carter and Hauler (2000) replaced fish meal with plant protein and had positive effect
sizes in both the SBM and PPC data sets. In addition, these authors conducted a
digestibility experiment and found that SBM, PPC and lupin protein concentrate had a
significantly higher protein digestibility than their control diet, which is indicative of a
poor quality fish meal. Oliva-Teles et al. (1994) obtained higher digestibility and
improved growth in rainbow trout by replacing brown fish meal with SBM. This suggests
that the quality of the fish meal being replaced will affect the SGR of the test ingredient.
In the majority of the studies used for meta-analysis, there was more fish meal in the
control diet than the test diet. Unfortunately, information regarding the quality of the fish
meal used in these experiments was limited and insufficient for subgroup meta-analysis.
Fish meal may contain nutritional components that are often overlooked and
enhance growth beyond what would be expected on the basis of digestible nutrient

content alone, such as taurine and low molecular weight compounds (Li et al., 2009;
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Aksnes et al., 2006; Gaylord et al., 2006). These dietary components may be lacking or
suboptimal in diets with high plant ingredient content, which may explain some of the
results when assessing the effects of plant proteins.

In a number of studies, plant protein blends are used as a fish meal substitute.
According to Kaushik and Seiliez (2010), mixtures of ingredients are required to
completely replace fish meal in salmonid diets, as no single plant ingredient can equally
support fish growth. The results of our meta-analyses may concur with this view,
although growth impairment due to the inclusion of plant protein was greatly dependent
on individual plant protein source, as well as the level applied in the diets and there was
no statistically significant effect of feeding blended or mismatched diets (Table 14).

For future research projects determining the impact of a dietary ingredient on
growth, we recommend ensuring dietary nutrients are balanced and that this balance is
maintained for all treatments involved in the study. With unbalanced diets, it is possible
that data obtained would be invalid, as it could be an illustration of the effects of feeding
a nutrient-deficient diet, rather than the effects of feeding the test ingredient (Hua and

Bureau, 2012).

3.5.3. Effect of processing on specific growth rate

The description of the dietary processing conditions in many studies is lacking and
limited to pelleting, steam pelleting and extrusion. Therefore, dietary processing
conditions were considered as one of three separate methods as stated in each respective
study. However, the processing conditions applied within each category can drastically

change feed characteristics and quality. Using the heat treatment involved in the extrusion
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process as an example, the nutrient quality of a feed could be impaired if heat-labile
vitamins are damaged (Barrows et al., 2008) or if amino acids, such as lysine or cysteine,
are made unavailable via Maillard reaction (Singh et al., 2007). Conversely, this heat
could positively affect the nutrient quality of a feed by inactivating heat-labile
antinutrients (Francis et al., 2001).

Changes in processing methods for creating protein concentrates, as well as
conditions during processing of the complete feed may have significantly affected the
nutrient and antinutrient content of these products. In this regard, equal processing
conditions for the control diet and the diets containing the plant protein source do not
necessarily imply the same effect of processing on nutritional and physical quality. While
it is generally assumed that the use of protein concentrates provides better growth
performance than using conventional meals, the meta-analysis results showed that SPC

and CPC both had significant negative effects on the growth of salmonid fish.

3.5.4. Specific growth rate as the growth parameter

Growth in fish is a complex trait expressed by growth rate estimates. The most common
expression of fish growth is SGR (Bureau et al., 2002). The exponential growth assumed
in the logarithmic SGR equation is suitable for young, rapidly growing fish over short
time periods, but not as suitable for large fish with slower relative growth rate and lower
SGR, especially over long periods (Hopkins, 1992). Furthermore, SGR is influenced by
water temperature. The TGC proposed by Iwama and Tautz (1981) is regarded as more

precise than SGR (Bureau et al., 2002; Cho, 1992) and less affected by body size and
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temperature, although certain limitations of the model have been reported (Jobling,
2003).

In the present study, SGR was used to express growth due to more available data
than for TGC and because our meta-analyses applied within-study data, where initial
weight and experimental conditions were similar. Differences in SGR among salmonid
species should be considered, although SGR may be similar in Atlantic salmon and
rainbow trout (Austreng et al., 1987). Refstie et al. (2000) showed a higher tolerance to
SBM in rainbow trout than in Atlantic salmon. A previous meta-analysis of fish meal
replacement with SBM showed no significant difference in effect size between
carnivorous and omnivorous fish (Sales, 2009). Our own investigation showed no
significant effect of species on SGR, although this analysis was only possible when
sufficient data were available. For PM, CM and CPC, we cannot rule out species
variation, as the fish in these studies were all rainbow trout.

We observed substantial differences in effect size among different studies for each
individual plant protein source. The unexplained variation can be attributed to various
factors not included in our analysis, such as differences in design, methodology, fish age,
genetics (Overturf et al., 2012) and environment, in addition to nutritional composition
and quality of ingredients. For instance, the effect of partial replacement of fish meal with
plant proteins may depend on the length of the experimental period. Refstie et al. (1997)
reported rainbow trout with an initial weight of 33 g were able to adapt to high dietary
inclusion of SBM following 29-56 days of feeding, which was illustrated by their higher
SGR relative to fish fed a fish meal control diet. This was not observed after only 28 days

of feeding.
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3.5.5. Feeding methods

For the SBM and CM data sets, feeding regime had a significant effect on CD. When fish
were fed continuously, the CD was lower than when they were fed between one and three
times per day. Increased feeding rate increases gastric emptying rate (Jobling, 1981;
Grove et al., 1978), which may have influenced growth. Less frequent, and more
controlled feeding periods may have been beneficial in the case of these plant-based
diets, which are commonly less digestible than fish meal diets, by slowing the rate of
gastrointestinal passage. A longer retention time in the digestive tract could increase
access to digestive enzymes and fermentative microorganisms, thus freeing more
nutrients than would be released with a more rapid gastrointestinal transit. This is a topic
that would benefit from future research with focus on feed intake, feed efficiency and

nutrient digestibility of plant ingredient-based diets.

3.5.6. Additional considerations

Weighted statistics were used to reduce the possibility of statistical bias, as they take into
account the relative contribution of each data point to the entire data set. The influence of
publication bias on the availability of data has also been considered. With publication
bias, studies with statistically significant results are more likely to be published than
those lacking significant results (Easterbrook et al., 1991). In the case of growth studies,
such as those included in these meta-analyses, this is not likely, due to the nature of their
design. When the focus of an experiment is to replace traditional fish feed ingredients

using plant-based feed ingredients and examine growth, non-significant results would be
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considered equally as important as significant results and would not be left unpublished

due to lack of interest on the part of the researcher.

3.6. Conclusion

Meta-analysis made it possible to compare growth data from available literature on
salmonids fed six plant proteins of varying dietary inclusion levels. By assessing existing
information sources, SGR for salmonids fed varying dietary inclusion levels of these six
plant proteins was calculated and with the use of CD, growth data were compared among
studies. These meta-analyses and regression models showed that there are differences in
the effect of plant ingredients on the growth performance of salmonid fish. Increasing the
inclusion level of SBM, SPC, CM and CPC decreases SGR. However, there may be
potential for further studies involving PM and PPC, as no significant adverse effect of
these two feed ingredients was noted, although this may be due to the fact that they have
not been studied at inclusion levels as high as those used for the other four ingredients.
This is does not necessarily mean that these feed ingredients will reduce the growth of
salmonid fish. Rather, they may be more effective at low inclusion levels when using a

mixture of several plant ingredients.
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4. NUTRIENTS, ANTINUTRIENTS AND NUTRIENT DIGESTIBILITY IN
RAINBOW TROUT: ASSESSMENT OF SOYBEAN, PEA AND CANOLA
MEALS AND PROTEIN CONCENTRATES

This chapter reports the nutrient composition and digestibilities of nutrients in the
ingredients used to prepare the diets fed in the experiments reported in Chapters 5 and 6,
as well as the antinutrient composition of these feed ingredients, which were used for the

statistical equation modeling performed in Chapter 6.
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4.1. Abstract

Chemical analysis was conducted to determine the nutrient and antinutrient composition
of soybean meal (SBM), soy protein concentrate (SPC) pea meal (PM), pea protein
concentrate (PPC), canola meal (CM) an aqueous-extracted canola protein concentrate
(CPC) and a high phytate CPC (PCPC). Total tract digestibility of the proximate and
amino acid values of each feed ingredient was measured in rainbow trout (Oncorhynchus
mykiss) in two separate trials (Trial 1: legume products, Trial 2: canola products).
Digestibility was calculated indirectly, using high-purity flux-calcined diatomaceous
earth (Celite 545, Celite Co., World Minerals Co., Lompoc, CA, USA) at an inclusion
ration of 10 g/kg as an indigestible marker. To make test diets, the reference mash was
combined with each test ingredient at a ratio of 7:3. Diets were fed to triplicate tanks of
fish, which were acclimated to the diets for six days and then over three weeks, feces
were collected via settling column, centrifuged, freeze-dried, ground and analyzed for
digestible energy, amino acids, phosphorus and antinutrient levels. In the legume
products trial, dry matter (DM), crude protein (CP), gross energy (GE), lipid and amino
acid digestibilities of the soy products were significantly higher than in the pea products.
These parameters were also significantly improved in protein concentrates as compared
with the meals. In the canola products trial, DM (0.81) and GE (0.84) apparent
digestibility coefficients (ADC) for fish fed CPC were significantly higher than those in
fish fed CM (0.68 and 0.77, respectively). Fish fed CPC also had a significantly higher
phosphorus ADC (0.78) than fish fed CM (0.28), which is likely due to the CPC being
completely devoid of phytate, whereas CM had a phytate content of 38.8 g/kg. Nutrient,

digestible nutrient and ANF composition of these plant proteins will be useful to the trials
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following these studies with respect to the larger scope of the long-term goals for this

experiment.

4.2. Introduction

The increasing demand for a static supply of marine protein sources has resulted in rising
costs and decreasing availability of these products for use in aquafeeds. Thus, the
replacement of marine proteins in aquafeeds is one of the central problems facing
aquaculture. A large number of studies have been performed to examine the effect of
replacing marine products with plant protein ingredients. The best studied of these
ingredients are soybeans, field pea and canola/rapeseed. A general conclusion of these
studies is that antinutritional factors (ANF) present in these ingredients limits their use in
salmonid diets due to decreased growth, intestinal inflammation, low nutrient
concentration and low digestibility (Hart et al., 2010; Drew et al., 2007; Denstadli et al.,
2006a; Sajjadi and Carter, 2004; Francis et al., 2001) compared to marine ingredients.
Fractionation of these ingredients to produce protein concentrates has been investigated
as a method to decrease ANF, increase nutrient concentration and digestibility. This has
generally resulted in improved digestibility and growth.

Identified ANF in these three ingredients are known to bind nutrients (tannins,
phytate), increase gut viscosity thus reducing nutrient absorption, decrease the activity of
intestinal enzymes (trypsin inhibitor, chymotrypsin inhibitor) alter metabolism
(glucosinolates) or cause intestinal damage reducing nutrient absorption, which can occur
in the presence of ANF such as saponins and lectins (Drew et al., 2007; Kraugerud et al.,

2007; Singh et al., 2003; Abd El-Hady and Habiba, 2003; Vielma et al., 2002; Francis et
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al., 2001; Carter and Hauler, 2000). However, the ANF responsible for decreasing
ingredient digestibility have not been conclusively identified. Studies where single ANF
are fed do not generally replicate the effects of feeding native ingredients (Krogdahl et
al., 2010).

These studies examine the effect of ingredient, level of processing and levels of

ANF on nutrient digestibility in rainbow trout.

4.3. Materials and methods

4.3.1. Ingredients and diets

The test ingredients used in this experiment were: soybean meal (SBM; Federated
Cooperatives Limited, Saskatoon, SK, Canada), soy protein concentrate (SPC; Soycomil
K; ADM Specialty Ingredients (Europe) BV, Koog aan de Zaan, The Netherlands), pea
meal (PM; yellow field pea, CDC Mozart, Crop Development Centre, Saskatoon, SK,
Canada), pea protein concentrate (PPC; Yellow field pea, prestige protein, Parrheim
Foods, Saskatoon, SK, Canada), canola meal (CM; Canola Meal-35; Federated Co-
Operative Ltd., Saskatoon, SK, Canada) an aqueous-extracted canola protein concentrate
(CPC; Can Pro IP; CanPro Ingredients Ltd., Arborfield, SK, Canada) and a high phytate
CPC (PCPC; CanPro Ingredients Ltd., Arborfield, SK, Canada).

The reference diet and experimental diets are described in Table 3.1.1. The
reference diet was that of Bureau and Cho (1994). Celite 545 high-purity flux-calcined
diatomaceous earth (Celite Co., World Minerals Co., Lompoc, CA, USA) was used as a
non-absorbable indicator for indirect digestibility analysis. The reference mash was

combined with the test ingredients at a mass ratio of 7:3 to make experimental diets.
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Diets mixed with a Hobart mixer (Hobart Corporation; Model L-800; Troy, OH, USA)
and were cold extruded on a Hobart mixer (Hobart Corporation; Model 4822; Troy, OH,

USA) through a 5 mm die. Pellets were dried in a forced air oven for 12 h at 55 °C, then

chopped and screened.
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Table 4.3.1. Ingredient composition of experimental diets (g/kQg).

Ingredient Control SBM SPC PM PPC CM CPC PCPC

Fish meal® 300.000 | 210.000 210.000 210.000 210.000 | 210.000 210.000 210.000
Soybean meal® 170.000 | 419.000 119.000 119.000 119.000 | 119.000 119.000 119.000
Soy protein concentrate® 0.000 0.000  300.000 0.000 0.000 0.000 0.000 0.000
Pea meal® 0.000 0.000 0.000 300.000 0.000 | 300.000 0.000 0.000
Pea protein concentrate® 0.000 0.000 0.000 0.000  300.000 0.000 0.000 0.000
Canola meal’ 0.000 0.000 0.000 0.000 0.000 | 300.000 0.000 0.000
CpcC? 0.000 0.000 0.000 0.000 0.000 0.000 300.000 0.000
PCPC" , 0.000 0.000 0.000 0.000 0.000 0.000 0.000  300.000
Wheat flour' 280.000 | 196.000 196.000 196.000 196.000 | 196.000 196.000  196.000
Corn gluten meal 130.000 91.000 91.000 91.000 91.000 91.000 91.000 91.000
Fish oil 100.000 70.000 70.000 70.000 70.000 70.000 70.000 70.000
Celite 10.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000
Vitamin premix' 4.750 3.325 3.325 3.325 3.325 3.325 3.325 3.325
Mineral premix™ 4.750 3.325 3.325 3.325 3.325 3.325 3.325 3.325
Vitamin C" 0.500 0.350 0.350 0.350 0.350 0.350 0.350 0.350

#Nova Scotia herring meal; Shur-Gain Aquaculture, Truro, NS, Canada.

> Soybean meal; Federated Cooperatives Limited, Saskatoon, SK, Canada.

¢Soycomil K; ADM Specialty Ingredients (Europe) BV, Koog aan de Zaan, The Netherlands.

dYellow field pea, CDC Mozart; Crop Development Centre, Saskatoon, SK, Canada.

¢Pea protein concentrate, yellow field pea, prestige protein; Parrheim Foods, Saskatoon, SK, Canada.

fCanola Meal-35; Federated Co-Operative Ltd., Saskatoon, SK, Canada.

9Can Pro IP; CanPro Ingredients Ltd., Arborfield, SK, Canada.

T‘High phytate canola protein concentrate; CanPro Ingredients Ltd., Arborfield, SK, Canada.

"Robin Hood All-Purpose Flour; Robin Hood Multifoods Corporation, Markham, ON, Canada.

' Danish Fish Qil; FF of Denmark, Skagen, Denmark.

KCelite 545, <125um:; Celite Corporation, World Minerals Co., Lompoc, CA, USA.

"Vitamin premix, commercial (EWOS FISH-STR VIT PX, Surrey, BC; closed formulation), formulated to meet the requirements of
juvenile rainbow trout; BASF Canada, Surrey, BC, Canada.

™ Mineral premix, commercial (EWOS FISH MINERAL PX#2, Surrey, BC; closed formulation), formulated to meet the requirements
of juvenile rainbow trout; BASF Canada, Abbotsford, BC, Canada.

"Ascorbic acid, pharmaceutical grade; NOW Foods, Bloomingdale, IL, USA.
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4.3.2. Fish husbandry and digestibility trial design

Triploid female rainbow trout (Oncorhynchus mykiss) were purchased from Wild West
Steelhead (Lucky Lake, SK, Canada) and subjected to one of two digestibility trials at the
Prairie Aquaculture Research Centre (University of Saskatchewan, Saskatoon, SK), an
indoor, biologically filtered, recirculating aquaculture system. Water temperature was
kept at 15 £ 2 °C and photoperiod was a 14 h light:10 h dark cycle. Fish maintenance
followed the guidelines set by the Canadian Council on Animal Care (CCAC, 2005),
which included careful monitoring of environmental and water quality indicators.

Fish were housed in 120 L tanks with three replicates per treatment and were
hand-fed twice daily to apparent satiation. Trial 1 was for the legume products (SBM,
SPC, PM, PPC) and had 14 fish per tank (103.6 g; average weight). Trial 2 was for the
canola products (CM, CPC, PCPC) and had 14 fish per tank (235.8 g; average weight).

Diets were randomly assigned to the tanks and fed for three weeks.

4.3.3. Sample preparation

Fish were fed the experimental diets for an acclimation period of six days, which was
followed by a three-week period of fecal collection using a settling column (Hajen et al.,
1993). Fecal matter was centrifuged at 5000 x g for 15 min, frozen and freeze-dried. Test
ingredients, experimental diets and feces were ground with an ultra centrifugal mill
(Model ZM 100; Retsch Inc., Newtown, PA, USA) to pass through a 1.0 mm screen and
were subjected to proximate, amino acid and antinutrient testing. The exceptions were for
samples analyzed for phytate, total starch and non-starch polysaccharides, which were

ground to 0.5 mm.
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4.3.4. Digestibility analysis

Experimental feeds, ingredients and feces were analyzed for moisture (AOAC, 1990,
method no. 934.01), DM (100-moisture), GE (oxygen bomb calorimetry; Parr Adiabatic
Calorimeter, Model 1281, Parr Instrument Co., Moline, IL, USA), CP, acid ether extract
(lipid) (AOAC, 1995; method no. 954.02) and acid insoluble ash (Newkirk et al., 2003).
Nitrogen content was determined using the combustion method on a Leco protein / N
analyzer (Model FP-528, Leco Corp., St. Joseph, MI, USA) (AOAC, 1995; method no.
990.03) and multiplied by 6.25 to determine CP. Amino acid content of all samples was
determined at Evonik Industries (Essen, Germany). Apparent digestibility coefficients
(ADC) for the experimental diets and test ingredients were calculated using the equations
of Cho et al. (1982) and Sugiura et al. (1998), as recommended by Bureau and Cho

(1999).

4.3.5. Antinutritional factor analysis

Glucosinolates in CM and CPC (AOCS, 1998, method Ak 1-92) and isoflavones in SBM,
SPC, PM and PPC were determined (AACC International, 2001; method 20-20.01) by
POS Pilot Plant Corporation (Saskatoon, SK, Canada). Test ingredients were analyzed for
tannins at Nutrilab B.V. (Giessen, Netherlands) using the Folis Denis method. Phytates in
the test ingredients and diets were extracted using the method of Newkirk and Classen
(1998). Samples were analyzed via high performance liquid chromatography at MCN

BioProducts, Inc. (Saskatoon, SK, Canada).
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Neutral detergent fibre (NDF) and acid detergent fibre (ADF) in the test
ingredients and diets were determined using an Ankom fibre analyzer (model
ANKOM?® Ankom Technology, Fairport, NY, USA). Sodium sulfite and alpha-amylase
were used in the NDF procedure (Van Soest et al., 1991). NDF and ADF were not
adjusted for ash. Total starch was analyzed using the Megazyme total starch analysis kit
(AOAC, 1995; method no. 996.11).

A modified version of the procedure developed by Englyst and Hudson (1987)
was used to analyze the total, soluble and insoluble non-starch polysaccharide (NSP)
content of the test ingredients, as described by Reveco et al. (2011). Saponin content of
the test ingredients was based on values found in the literature, with the exception of the
values for CPC and PCPC, which were obtained from MCN BioProducts (personal

communication).

4.3.6. Statistical analysis

For statistical analysis, tanks were the experimental units. Analysis of the digestibility
results was performed using the General Linear Model procedure of SPSS 19.0 (SPSS
Inc., Chicago, IL, USA). Ingredient data from the two digestibility trials were analyzed
separately. Results from the legume product trial were additionally analyzed using a 2x2
factorial design with product (soy vs pea) and processing (meal vs protein concentrate) as
the two independent factors. Differences between means were determined using the

Ryan-Einot-Gabriel-Welsh F test. Significance of results were determined when P < 0.05.
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4.4. Results
Starch was highest in PM and PPC and present at much lower values in the other four
ingredients. Phytates were highest in PPC and absent from CPC. Glucosinolates were
only present in the canola products and CM had levels more than five times higher than
CPC. Tannin levels were relatively consistent in the six ingredients, ranging from 4.9
g/kg in PM to 10.6 g/kg in CM. Isoflavones were present at levels less than 1 g/kg in all
ingredients except SBM, which had a concentration of 53.7 g/kg. The highest saponin
levels were reported for SBM.

The non-starch polysaccharide composition of the ingredients is shown in Table
3.3.3. PPC had the highest level of soluble NSP (10.95 g/kg), while the other five
ingredients had relatively similar soluble NSP concentrations ranging from 5.38-6.81
o/kg. Insoluble NSP concentrations were higher than soluble NSP values for all six
ingredients. CM had the highest level of insoluble NSP. CM also had the highest levels of
total NSP of the ingredients (34.42 g/kg), while PM had the lowest total NSP (18.18
g/kg).

Based on the factorial analysis of the soy and pea product digestibility trial (Table
7), DM, CP, GE, lipid and amino acid digestibilities of the soy products were higher (P <
0.05) than those of the pea products. These parameters were also significantly improved
in protein concentrates as compared with the meals.

Apparent digestibility coefficients (ADC) of DM and GE for fish fed CPC were
higher (P < 0.05) in fish fed CPC than in those fed CM. Additionally, fish fed CPC had a

phosphorus ADC that was significantly higher than fish fed CM or PCPC. CM had
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superior cysteine, glutamine, glycine, histidine and methionine digestibilities to PCPC

and CPC. PCPC had a higher cysteine digestibility than PCPC.
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Table 4.4.1. Nutrients (g/kg, unless otherwise stated) in SBM, SPC, PM, PPC, CM,
PCPC and CPC.

SBM SPC PM PPC CM PCPC CPC

DM 922.0 949.7 901.2 938.5 918.2 960.5 954.3
CP 527.5 720.6 247.7 496.0 399.2 482.5 666.5
GE (kcal / kg) 4583.0 4736.4 4312.4 4698.1 4486.4 5230.0 5310.5
Ash 725 61.6 26.9 47.7 115.4 67.2 53.9
Lipid 35.5 105 24.9 48.6 58.9 172.6 74.2
Phosphorus 6.9 9.3 4.6 6.9 10.0 105 8.2
Total amino acids 486.1 678.8 220.3 441.2 350.7 530.5 585.9
Alanine 225 31.3 10.2 20.5 17.4 27.1 30.7
Arginine 38.0 53.4 21.7 43.0 23.9 35.8 40.4
Asparagine 59.6 83.7 28.2 b5.7 28.0 43.7 51.6
Cystine 7.6 9.8 34 6.4 8.3 125 13.7
Glutamine 95.3 132.2 40.3 79.5 70.6 105.4 110.7
Glycine 22.0 30.6 104 20.5 19.8 304 34.9
Histidine 14.0 18.8 5.9 12.0 11.2 17.2 19.3
Isoleucine 23.7 33.6 9.9 29.7 155 25.4 28.7
Leucine 40.1 56.4 17.3 35.1 27.8 45.4 51.2
Lysine 32.6 46.2 17.8 36.2 22.3 30.2 325
Methionine 7.2 10.1 2.3 45 9.7 11.1 104
Phenylalanine 26.4 36.6 11.6 239 15.7 25.6 29.4
Proline 25.4 35.6 9.5 195 26.4 37.8 38.9
Serine 26.4 36.6 11.6 24.2 17.1 255 28.7
Threonine 20.4 28.5 9.0 18.3 17.3 25.3 29.0
Valine 24.8 35.3 11.2 22.2 19.8 31.8 36.7
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Table 4.4.2. Antinutrients (g/kg, unless otherwise stated) in SBM, SPC, PM, PPC,
CM, PCPC and CPC.

SBM SPC PM PPC CM PCPC CPC

ADF? 60.4 131.3 77.4 76.2 178.9 na’ 34.8
NDF¢ 91.8 2945 27.3 137.1 247.2 n.a. 61.8
Starch 51.2 25.4 486.8 307.9 26.9 3.4 9.4
Phytic acid 22.3 29.0 16.0 239 38.8 13.7 0.0
Glucosinolates (mmoles/kg) n.a. n.a. n.a. n.a. 714 n.a. 12.5
3-butenyl n.a. n.a. n.a. n.a. 204 n.a. 6.3
4-pentenyl n.a. n.a. n.a. n.a. 15 n.a. 0.8
2-OH-3-butenyl n.a. n.a. n.a. n.a. 49.2 n.a. 5.4
CH3-thiobutenyl n.a. n.a. n.a. n.a. 1.6 n.a. 0.0
Phenylethyl n.a. n.a. n.a. n.a. 1.0 n.a. 0.6
3-CH3-indolyl n.a. n.a. n.a. n.a. 2.6 n.a. 0.0
4-OH-3-CH3-indolyl n.a. n.a. n.a. n.a. 10.5 n.a. 1.5
Tannins 8.4 5.4 4.9 7.6 10.6 n.a. 6.2
Isoflavones 53.7 0.3 0.2 0.7 n.a. n.a. n.a.
Daidzin 21.0 0.1 0.0 0.0 n.a. n.a. n.a.
Glycitin 35 0.0 0.0 0.2 n.a. n.a. n.a.
Genistin 27.9 0.2 0.0 0.1 n.a. n.a. n.a.
Daidzein 0.2 0.0 0.2 0.0 n.a. n.a. n.a.
Glycitein 1.1 0.0 0.0 0.4 n.a. n.a. n.a.
Genistein 0.0 0.0 0.0 0.0 n.a. n.a. n.a.
7-Hydroxy-4- 0.0 0.0 0.0 0.0 n.a. n.a. n.a.

methoxyisoflavone
5,7-Dihydroxy-4- 0.0 0.0 0.0 0.0 n.a. n.a. n.a.
methoxyisoflavone

Total NSP* 241.3 256.3 181.8 224.2 344.2 n.a. 251.8
Saponins 3.5° 0.0 1.8 5.4° 3.6" 0.0' 0.0'

2 Acid detergent fibre

®Not analyzed

Neutral detergent fibre

4 Non-starch polysaccharide

¢Curl et al., 1985

flreland et al., 1986

9Heng et al., 2006

"Barrén-Yénez et al., 2009

"MCN BioProducts Inc. Saskatoon SK Canada
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Table 4.4.3. Constituent sugars and non-starch polysaccharide (NSP) content of
SBM, SPC, PM, PPC, CM and CPC.

Neutral sugars (g/kg, DM basis) Uroni Total
ronic ota

Rha®  Fuc® Ara® Xyl Man®  Galf Glc® acids NSP
NC" Cel'

Soluble NSP
Wheat 0.00 0.00 0.55 0.92 0.08 0.23 0.54 0.00 0.23 2.55
SBM 0.11 0.03 0.47 0.23 0.36 0.65 0.21 0.00 451 6.58
SPC 0.00 0.03 0.49 0.12 0.26 0.41 0.00 0.00 4,62 5.93
PM 0.00 0.00 0.77 0.16 0.00 0.25 1.25 0.00 4.38 6.81
PPC 0.00 0.00 1.43 0.15 0.00 0.59 0.00 0.00 8.78 10.95
CM 0.00 0.00 0.61 0.24 0.25 0.20 0.00 0.00 5.55 6.86
CPC 0.11 0.11 0.68 0.35 0.00 0.18 0.05 0.00 3.90 5.38
Insoluble NSP
Wheat 0.00 0.00 1.75 3.17 0.18 0.18 0.46 2.06 0.26 8.05
SBM 0.00 0.25 1.65 0.87 0.00 3.15 0.00 2.66 9.20 17.77
SPC 0.00 0.27 2.03 0.93 0.00 3.24 1.01 0.88 11.56 19.92
PM 0.00 0.00 1.94 0.85 0.00 0.27 0.16 1.54 6.62 11.37
PPC 0.00 0.00 4,57 0.48 0.00 0.52 1.94 0.00 5.90 13.41
CM 0.00 0.00 2.95 1.59 0.00 1.01 2.24 2.02 18.53 28.33
CPC 0.00 0.00 2.98 1.50 0.00 0.80 1.31 1.28 11.94 19.81
Total NSP
Wheat 0.00 0.00 2.30 4.09 0.25 0.41 1.00 2.06 0.49 10.60
SBM 0.11 0.27 2.12 1.10 0.36 3.80 0.21 2.66 13.71 24.34
SPC 0.00 0.30 2.52 1.05 0.26 3.65 1.01 0.88 16.19 25.86
PM 0.00 0.00 2.71 1.01 0.00 0.52 1.41 1.54 11.00 18.18
PPC 0.00 0.00 6.00 0.63 0.00 111 1.94 0.00 14.67 24.36
CM 0.00 0.00 3.56 1.83 0.25 1.21 2.24 2.02 24.08 35.19
CPC 0.11 0.11 3.66 1.85 0.00 0.98 1.36 1.28 15.84 25.18

*Rhamnose

PFucose

‘Arabinose

dXylose

*Mannose

fGalactose

9Glucose

"Non-cellulosic

'Cellulosic
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Table 4.4.4. Apparent digestibility coefficients of proximate and amino acid values
for the two trials. Statistics for legume product trial and canola product
trial have been run separately.

Legume product trial Canola product trial |

SBM SPC PM PPC SEM CM PCPC CPC SEM

DM 0.78° 0.74*  0.27° 0.64° 0.032 0.682 0.79° 0.81° 0.032
cP 0.95° 0.93*  0.80° 0.90°  0.000 0.88 0.86 0.86 0.000
GE 0.74° 0.78" 0.27? 0.67°  0.026 0.77 0.85" 0.84>  0.018
Lipid 0.21% 1.86° 0.16% 0.74°  0.158 0.95 1.08 0.95 0.047
Ash 0.62 0.42 0.87 0.59 0.114 0.25 0.48 0.49 0.066
Phosphorus 0.47 0.04 0.40 0.29 0.151 0.28° 0.50° 0.78°  0.066
Total amino acids |  0.96° 0.94% 0.80° 0.90°  0.000 0.92 0.90 0.89 0.000
Alanine 0.93° 0.90™ 0.74% 0.85°  0.018 0.92 0.88 0.86 0.018
Arginine 0.97°  0.97° 0.88% 0.95° 0.000 0.93 0.91 0.92 0.000
Asparagine 0.97°  0.95™ 0.83? 0.93°  0.000 0.91 0.92 0.91 0.000
Cysteine 0.96°  0.92° 0.73° 0.76°  0.018 0.94°  0.90° 0.87¢  0.000
Glutamine 0.96°  0.96° 0.83 0.92°  0.000 0.95°  0.922 0.91°  0.000
Glycine 095  0.91° 0.822 0.90°  0.018 091°  0.88° 0.86°  0.000
Histidine 0.97¢  0.95™ 0.84% 0.91°  0.000 093"  0.89° 0.89°  0.000
Isoleucine 0.95°  0.94° 0.76% 0.88°  0.018 0.90 0.89 0.88 0.000
Leucine 0.93°  0.91%™ 0.70% 0.85°  0.018 0.91 0.90 0.88 0.000
Lysine 0.97°  0.96™ 0.86° 0.94°  0.000 0.92 0.88 0.88 0.000
Methionine 0.95°  0.90° 0.64% 0.76°  0.018 0.96°  0.91° 0.91*  0.000
Phenylalanine 0.95°  0.93% 0.75% 0.88°  0.000 0.88 0.86 0.86 0.000
Proline 0.94°  0.93° 0.74% 0.84>  0.018 0.90 0.88 0.86 0.000
Serine 0.95°  0.93™ 0.78% 0.89°  0.000 0.90 0.89 0.88 0.000
Threonine 0.95°  0.92% 0.77 0.89°  0.000 0.89 0.90 0.89 0.000
Valine 0.95¢  0.93° 0.78% 0.87°  0.018 0.90 0.90 0.88 0.000

% Means in the same row with different superscripts are significantly different (P < 0.05)
SEM=Standard error of the mean
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Table 4.4.5. Apparent digestibility coefficients of proximate and amino acid values
for soybean meal, soy protein concentrate, pea meal and pea protein
concentrate in rainbow trout.

Product Processing SEM Product*processing
Soybean Pea P-value Meal PC P-value P-value

Dry matter 0.76° 0.45°% 0.00 053  0.69° 0.00 0.032 0.00
Crude protein 0.94° 0.85% 0.00 0.88%  0.92° 0.01 0.000 0.00
Gross energy 0.76° 0.47° 0.00 050°  0.73° 0.00 0.026 0.00
Lipid 1.06°  045° 0.00 0.21*  1.30° 0.00 0.151 0.01
Ash 0.52 0.73 0.10 0.75 0.50 0.07 0.114 0.74
Phosphorus 0.25 0.41 0.34 0.15 0.11 0.27 0.107 0.19
Total amino acids ~ 0.95° 0.85% 0.00 0.88%  0.92° 0.01 0.000 0.00
Alanine 0.91° 0.79% 0.00 0.83%  0.88° 0.04 0.018 0.00
Arginine 0.97° 0.92% 0.00 093  0.96° 0.00 0.000 0.00
Asparagine 0.96° 0.88? 0.00 0.90°  0.94° 0.00 0.000 0.00
Cysteine 0.94° 0.75% 0.00 0.85 0.84 0.71 0.018 0.18
Glutamine 0.96° 0.87 0.00 0.90% 0.94° 0.00 0.000 0.00
Glycine 0.93° 0.86° 0.00 0.88 0.90 0.21 0.018 0.00
Histidine 0.96° 0.88? 0.00 0.90% 0.93 0.04 0.000 0.00
Isoleucine 0.95° 0.82% 0.00 0.86°  0.91° 0.01 0.018 0.00
Leucine 0.92° 0.78% 0.00 0.81>° 0.88° 0.00 0.018 0.00
Lysine 0.97° 0.90% 0.00 0.91°  0.95° 0.00 0.000 0.00
Methionine 0.92° 0.70% 0.00 0.80 0.83 0.23 0.018 0.00
Phenylalanine 0.94° 0.81° 0.00 0.85% 0.90° 0.00 0.000 0.00
Proline 0.93° 0.79% 0.00 0.84% 0.88° 0.01 0.018 0.00
Serine 0.94° 0.84% 0.00 0.87 0.91° 0.01 0.000 0.00
Threonine 0.93° 0.83% 0.00 0.86° 0.90° 0.01 0.000 0.00
Valine 0.94° 0.82% 0.00 0.86°  0.90° 0.02 0.018 0.00

®Means in the same row with different superscripts are significantly different (P < 0.05)
PC=Protein concentrate
SEM=Standard error of the mean
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4.5. Discussion

The nutrient digestibilities of these ingredients have been previously studied in rainbow
trout. These ingredients have not all been compared with each other in the same
experiment, and not all digestibility studies have been conducted in the same manner.
Some differences in the way digestibility studies are conducted in aquaculture include the
use of digestibility markers, such as chromic oxide, cholestane, yttrium oxide and acid
insoluble ash (Allameh et al., 2007; Thiessen et al., 2004; Carter et al., 2003; Austreng et
al., 2000). There are also different methods employed for fecal collection. These include
fecal stripping, total collection through the bottom of the tank, the use of a settling
column and the use of a rotating device that collects fish feces on a screen (Allameh et
al., 2007; Glencross et al., 2005; Austreng, 1978; Bureau and Cho, 1999; Gomes et al.,
1995). Slight variations also exist in the calculation of ADC for feed ingredients (Bureau
and Cho, 1999; Forster, 1999; Sugiura et al., 1998; Cho et al., 1982).

Taking these differences in study approaches into consideration, the nutrient
digestibility of these feed ingredients was similar to other digestibility values found in the
literature (Table 3.1.7). The SBM used by Mansfield et al. (2010) was from the same lot
as the SBM used in this study, with a different (fish meal-free) control diet formulation.
The DM and CP digestibility values remained the same between the two trials. The
energy digestibility was slightly lower in this study but within the range reported by other
studies. The ingredients with the least amount of digestibility information for rainbow
trout are PPC, CM and CPC. The digestibility of all macronutrients in this study,
excluding ash and phosphorus, which was higher in PPC than PM, were similar to those

of Thiessen et al. (2003), who found that CP, acid ether extract, starch, energy and DM
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digestibility was higher in autoclaved PPC than in raw, whole peas. The DM, energy and
lipid digestibilities of PM were lower than the values reported in the literature as were the
DM and lipid digestibility in PPC, although this was in comparison with an autoclaved
product. Similar to what was found in this study, Mwachireya et al. (1999) found the
digestibility values of fish fed a canola protein isolate was higher than when they were
fed CM.

The production of protein concentrates from pea, soy and canola has been shown
to improve nutrient digestibility, growth performance and intestinal factors, such as
morphology and microflora (Collins et al., 2012; Mansfield et al., 2010; Drew et al.,
2007; Escaffre et al., 2007). In addition to increasing the protein content of a feed
ingredient, protein concentration decreases many ANF, which is why protein
concentrates have superior nutrient digestibilities to their respective plant meals (Drew et
al., 2007).

In the soy and pea products, protein concentration also led to phytic acid
concentration. This is a general event that results from protein concentration and is also
seen in other feed ingredients, including CPC. The most common and effective method of
eliminating phytic acid from a feed is with the use of a microbial phytase enzyme (Wang
et al., 2009; Denstadli et al., 2006b; Forster, 1999). Sajjadi and Carter (2004) reported a
significant improvement in phosphorus digestibility when microbial phytase was added to
CM-based diets fed to Atlantic salmon. As the CPC used in this study was treated with
phytase during the production process, this problem was avoided and improved the

phosphorus ADC of fish fed CPC as opposed to those fed CM or PCPC.
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The effect protein concentration had on tannins varied between ingredients. SPC
and CPC had lower tannin values than SBM and CM, respectively, whereas the tannin
level of PPC were higher than that of PM. The condensation of tannins in PPC, as
opposed to SPC and CPC is expected, as free tannins are solvent-extractable (Chavan et
al., 2001). SPC and CPC are both formed using aqueous solvent extraction, whereas PPC
is produced via air-classification. The tannins in SPC and CPC were not completely
eliminated, as some tannins also bind to protein and fibre and require a more extensive
extraction procedure (Terrill et al., 1992). The proclivity tannins have for proteins also
explains their condensation in PPC, as compared with PM.

Protein concentration also increased the soluble NSP in PPC, which could have
been a result of protein concentration via air classification, rather than solvent extraction,
as soluble NSP were not increased in SPC or CPC. The DM digestibility of CM was
significantly lower than PCPC or CPC. CM contained high levels of insoluble NSP, ADF
and NDF, which likely an impact on nutrient digestibility. NSP increase the viscosity of
intestinal contents, cause changes in the gut microbial population, and physiologically
and morphometrically altering the gastrointestinal tract, all of which impair nutrient
digestibility (Sinha et al., 2011; Refstie et al., 1999). The glucosinolate levels of CM were
also five times higher than those of CPC, although their mode of action is more likely to
affect growth, feed intake and metabolism, not digestibility (Tripathi and Mishra, 2007;
Pereira et al., 2002; Burel et al., 2001).

The CP and total amino acid digestibilities of PM were significantly lower than
those of PPC, as well as the two soy ingredients, and PM tannin levels were the lowest of

these four plant proteins. PM also exhibited significantly low DM, GE and lipid
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digestibilities. Starch is commonly cited as an ANF that decreases the feed intake and
growth rate of salmonid fish (Storebakken et al., 1998; Krogdahl et al., 2004). However,
starch digestibility can be improved with moist heat, such as what is used in the extrusion
process to gelatinize starch (Krogdahl et al., 2004; Pfeffer et al., 1991; Bergot and
Breque, 1983). Starch was present at high levels in PM and PPC, and as the diets they
were included in were cold pelleted, the starch gelatinization that would accompany
extrusion did not occur. Peas are commonly high in starch (585 g/kg; Thiessen et al.,
2003), but PPC starch values can be much more variable, depending on the product.
Gunawardena et al. (2010) reported 681 g/kg starch in PPC, whereas the PPC used by
Thiessen et al. (2003) contained 223 g/kg starch. Protein concentration reduced starch in
all of the protein concentrates, although the starch content of the PPC used in this
experiment was still six times that of SBM.

In spite of pre-existing digestibility values existing in the literature, there are still
variations between sources of these feed ingredients. Because of this experiment, future
studies involving the same lots of these ingredients were made possible (Collins et al.,
2012). The results of this study were used for diet formulations in Section 3.3 of this
manuscript, enabling diet formulation on a digestible nutrient basis. Antinutrient values
from this experiment were also used for the subsequent nutritional modeling reported in
Section 3.4, comparing dietary antinutrient composition with feed intake and growth in
rainbow trout.

Relationships between antinutrients and nutrient digestibility have been
established for some time. Direct effects between these factors remain to be quantified.

Future studies utilizing the information obtained in this data series will involve
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examining direct relationships between antinutrients and nutrient digestibility, health, and
other nutritional responses seen in rainbow trout fed plant proteins, such as intestinal

morphology and gut microbial populations.
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Table 4.5.1. Compilation of literature values of nutrient digestibility results (DM,
CP, GE) of plant-based feed ingredients fed to rainbow trout.

Ingredient Fish Internal marker / Reference for DM CP Energy Lipid Reference
weight (g) collection method digestibility
calculation
SBM 120 Chromic oxide / Jobling (1994), NRC - - 0.6915 - Allameh et al. (2007)
total collection  (1993), Willoughby
through tank drain (1993)
SBM 220 Chromic oxide / Jobling (1994), NRC - - 0.6650 - Allameh et al. (2007)
total collection  (1993), Willoughby
through tank drain (1993)
SBM 266 Chromic oxide/ Sugiuraetal. (1998) 0.610*° 0.921° 0.721 - Glencross et al. (2005)
fecal stripping
SBM 266 Chromic oxide/ Sugiuraetal. (1998) 0.773*  0.990° 0.833 - Glencross et al. (2004)
fecal stripping
SBM 99 Yttrium oxide / Austreng et al. - 0.902" 0.829 0.829 Refstie et al. (2000)
fecal stripping (1978)
SBM 42.5-170.3 Yttriumoxide/ Sugiuraetal. (1998) 0.712  0.901 - - Sugiura et al. (1998)
settling column
SBM 50 Chromic oxide/  Cho and Slinger 0.692 0.873 - 0.785° Dadgar et al. (2010)
settling column (1979)
SBM 40 Chromic oxide/  Cho et al. (1985), - 0.901 - - Sanz et al. (1994)
settling column  Morales et al. (1994)
SBM 691.2 Celite / settling Bureau and Cho 0.79 0.95 0.83 - Mansfield et al. (2010)
column (1999)
SBM 100-400 Chromic oxide / Aksnes et al. (1996) - 0.911 0.560 - Aksnes and Opstvedt
fecal stripping (1998)
SPC 266 Chromic oxide/ Sugiuraetal. (1998) 0.672% 0.979° 0.873 - Glencross et al. (2005)
fecal stripping
SPC 266 Chromic oxide/ Sugiuraetal. (1998) 0.820% 1.069° 0.873 - Glencross et al. (2004)
fecal stripping
SPC 100-400 Chromic oxide / Aksnes et al. (1996) - 0.912 0.646 - Aksnes and Opstvedt
fecal stripping (1998)
PM - Chromic oxide/ Gomesetal. (1995) 0.661  0.804 0.592 - Gomes et al. (1995)
rotating collection
apparatus
Pea’ 100 Chromic oxide/ Maynard and Loosli  0.663  0.879 0.689 - Burel et al. (2000)
settling column (1969)
PM 300 Celite / settling Thiessen et al. 0.421  0.909 0.546 0.718°  Thiessen et al. (2003)
column (2003)
PPC*® 300 Celite / settling Thiessen et al. 0.840 0.946 0.870  0.860°  Thiessen et al. (2003)
column (2003)
CM 74.1 Chromic oxide/  Cho etal. (1982) 0.498  0.881 0.556 - Mwachireya et al.
settling column (1999)
RSM' 100 Chromic oxide/ Maynard and Loosli  0.708  0.962 0.770 - Burel et al. (2000)
settling column (1969)
CPI¢ 74.1 Chromic oxide/  Choetal. (1982) 0.771  0.976 0.847 - Mwachireya et al.
settling column (1999)
CPC 106 Celite / settling Kleiber (1961) 0.817  0.899 0.861 - Thiessen et al. (2004)
column
?Organic matter
*Energy
‘Crude fat
dExtruded

*Acid ether extract
*Autoclaved

'Rapeseed meal (solvent-extracted)

9Canola protein isolate
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4.6. Conclusion

In aquaculture research, particularly regarding carnivorous fish species, the general
purpose of investigating plant proteins is as a fish meal replacement. These studies often
include directly replacing dietary fish meal with plant proteins, or formulating these
ingredients into the diet on the basis of total nutrient content of the diet. The variability in
the nutrient digestibility of the seven plant-based feed ingredients investigated in this
study indicates the importance of formulating aquafeeds on a digestible nutrient basis,
taking into account the actual nutritional contribution each ingredient will make to the

diet.
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S. THE EFFECT OF INCREASING INCLUSION RATES OF SOYBEAN,
PEA AND CANOLA MEALS AND THEIR PROTEIN CONCENTRATES ON
THE GROWTH OF RAINBOW TROUT: CONCEPTS IN DIET FORMULATION
AND EXPERIMENTAL DESIGN FOR INGREDIENT EVALUATION

This chapter was originally published in Aquaculture and is reprinted in this thesis with
the permission of Elsevier. The citation for this journal article is: Collins, S.A., Desali,
AR., Mansfield, G.S., Hill, J.E., Van Kessel, A.G, Drew, M.D. 2012. The effect of
increasing inclusion rates of soybean, pea and canola meals and their respective protein
concentrates on the growth performance of rainbow trout: Concepts in diet formulation
and experimental design for ingredient evaluation. Aquaculture. 344-349: 90-99. The
purpose of this study was to determine the effects of PM, PPC, SBM, SPC, CM and CPC
at inclusion rates of 0, 75, 150, 225 and 300 g/kg on rainbow trout growth performance
and feed intake. These studies provide a model that allows fish nutritionists to predict
rainbow trout growth when formulating aquafeeds, based on dietary inclusion levels of
these plant-based feed ingredients. The information obtained in this chapter was
analyzed in conjunction with the antinutrient information reported in chapter 4 to create
a nutritional model showing the effects of dietary antinutrients on rainbow trout growth

and feed intake, which is presented in chapter 6.
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5.1. Abstract

A series of six growth experiments were conducted to assess the effects of feeding pea
meal (PM), pea protein concentrate (PPC), soybean meal (SBM), soy protein concentrate
(SPC), canola meal (CM) and canola protein concentrate (CPC) on the growth of rainbow
trout. The nutrient digestibility of the experimental ingredients was determined prior to
commencement of this experiment. Based on these digestibility values, diets containing
0, 75, 150, 225 or 300 g/kg of each test ingredient were formulated. All diets contained
17.6 MJ/kg digestible energy, 386.2 g/kg digestible crude protein and were balanced for
digestible essential amino acids to meet or exceed the requirements of rainbow trout. The
inclusion of fish meal in the diets was kept as constant as possible within the constraints
of balancing digestible nutrients. Experiments for each ingredient were conducted
consecutively over a 361-day period. During each growth experiment, three tanks of
rainbow trout per treatment were fed twice daily to apparent satiety for 56 days. Fish
were weighed on days 0 and 56 and total feed intake was measured. Linear and quadratic
regression equations of the growth parameters on ingredient inclusion rate were
calculated. The calculated regression equations for inclusion rate on average daily feed
intake (ADFI), specific growth rate (SGR), feed conversion ratio (FCR) or protein
efficiency ratio (PER), were not significant for PM, SPC or CPC (P > 0.05). PPC
inclusion had a positive linear relationship with ADFI (P < 0.05). SBM inclusion had a
significantly negative quadratic relationship with SGR and FCR, while for PER, both the
linear and quadratic regressions were negative (P < 0.05). CM inclusion rate had a
significantly negative linear and quadratic relationship with SGR and FCR. The P-value

for the linear regression was lower than for the quadratic regression. CM also had a
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negative linear relationship with PER (P < 0.05). The results suggest there are no
significant negative ingredient effects of PM, PPC, SPC and CPC on rainbow trout
growth. Thus, growth can be predicted on the basis of digestible nutrients for these
ingredients, provided the nutritional standards set for this experiment are followed. SBM
and CM have significantly negative ingredient effects, which must be taken into account

when using these ingredients in rainbow trout diets.

5.2. Introduction

The replacement of fish meal with plant proteins is one of the major challenges facing the
aquaculture industry. This is an even greater problem in carnivorous fish, such as rainbow
trout. While a large number of plant protein sources are available, a high proportion of
research has concentrated on soybean meal (SBM). SBM contains 462-562 g/kg crude
protein (Oliva-Teles et al., 1994; @verland et al., 2009; Refstie et al., 2005, 1998, 1997)
and is high in lysine (58.8-75 g/kg) (@verland et al., 2009; Refstie et al., 2005; Watanabe
et al., 1993). More than 65 studies have examined the effect of SBM on the growth of
salmonid fish. Most of these studies report increasing SBM inclusion in rainbow trout
diets decreases growth, feed intake and feed efficiency (Gao et al., 2011; Refstie et al.,
2001, 1998; Torstensen et al., 2008). It should be noted, however, that this trend is not
universally observed (Selden et al., 2001; Vielma et al., 2000). The negative effect of
SBM on growth is attributed to the anti-nutritional factors (ANF) in SBM such as
protease inhibitors, tannins, lectins and non-starch polysaccharides (Francis et al., 2001).
The specific ANF responsible for these effects and their mode of action are poorly
characterized (Barrows et al., 2007; Penn et al., 2011). In addition to reducing growth,

high inclusion levels of SBM in rainbow trout diets also affect gut health negatively
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(Krogdahl et al., 2003) and there is an extensive body of research investigating which
ANF are the causative agents (Barrows et al., 2007; Knudsen et al., 2008; Olli and
Krogdahl, 2008; Penn et al., 2011; Sgrensen et al., 2011). The primary mode of action
appears to be initiating a cascade of intestinal inflammatory responses (Mansfield et al.,
2010), including the infiltration of the lamina propria by inflammatory cells (Burrells et
al., 1999; Refstie et al., 2000), shortening of villi (Heikkinen et al., 2006; Merrifield et
al., 2009) and increased enterocyte turnover (Baeverfjord and Krogdahl, 1996; Bakke-
McKellep et al., 2000; Krogdahl et al., 2003).

The nutritive value of SBM can be improved using fractionation to produce soy
protein concentrate (SPC), which contains approximately 700 g/kg crude protein (Vielma
et al., 2002). Furthermore, the concentrations of ANF in SPC are lower than for SBM
(Bureau et al., 1998; Deng et al., 2006; Refstie et al., 2001). Thus, the growth of rainbow
trout is less affected by the inclusion of SPC into diet formulations (Barrows et al., 2007;
Storebakken et al., 2000, 1998).

While SBM is the most extensively studied of plant protein sources, other
ingredients have also been widely used in diets fed to rainbow trout. Field peas are grown
throughout the world and pea meal (PM) has an amino acid balance similar to SBM;
however, PM contains only 156-325 g/kg crude protein and is high in starch (557-584
0/kg) (Castell et al., 1996; Thiessen et al., 2003), a putative ANF for rainbow trout. Both
SBM and PM are legumes and contain similar ANF, such as non-starch polysaccharides,
protease inhibitors, lectins, phytic acid and tannins (Castell et al., 1996; Francis et al.,
2001). The levels of these ANF in PM are generally lower than in SBM (Castell et al.,

1996).
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Studies investigating the effects of feeding PM to rainbow trout have reported
both positive (Thiessen et al., 2003) and negative (Alami-Durante et al., 2010; De
Francesco et al., 2004; Drew et al., 2005) effects on growth, although these negative
growth effects are not as marked as those seen when SBM is fed. The low protein content
of PM can be increased by air classification to produce pea protein concentrate (PPC),
which contains 359-502 g/kg crude protein and 79-248 g/kg starch (@verland et al., 2009;
Thiessen et al., 2003). Studies on the use of PPC in salmonid diets have shown a mostly
neutral (Gao et al., 2011; Moreno-Rojas et al., 2008) or positive (Carter and Hauler,
2000; @verland et al., 2009) effects on growth, although at high inclusion levels, growth
is negatively impacted (Carter & Hauler, 2000) and sub-acute intestinal enteritis is a
consequence (Penn et al., 2011).

Canola (low glucosinolate rapeseed) meal (CM) has also been widely investigated
as a protein source for rainbow trout. CM contains 355-453 g/kg crude protein (Burel et
al., 2000; Hilton and Slinger, 1986; Leatherland and Hilton, 1988; Satoh et al., 1998;
Shafaeipour et al., 2008) and has one of the best amino acid balances of commercially
available plant proteins (protein efficiency ratio (PER) = 3.29; Friedman, 1996). Canola
and rapeseed are of the Brassica genus and as such, have some different ANF, such as
glucosinolates and euricic acid, and phenolic compounds, such as free phenolic acid and
sinapic acid (Enami, 2011; Naczk et al., 1998; Webster et al., 1997). It also contains
approximately 130 g/kg crude fibre, which reduces its nutritional value (Brown et al.,
2003; Burel et al., 2000; McCurdy and March, 1992; Shafaeipour et al., 2008). CM has
been extensively researched and its effect on the growth of rainbow trout has been found

to be almost exclusively negative (Alami-Durante et al., 2010; Burel et al., 2001, 2000;
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De Francesco et al., 2004; Drew et al., 2005; Hilton and Slinger, 1986; Leatherland and
Hilton, 1988; Satoh et al., 1998). A few studies are exceptions to this trend (Burel et al.,
2001; Shafaeipour et al., 2008).

Protein fractionation of CM yields canola protein concentrate (CPC), a product
with 464-724 g/kg crude protein and reduced levels of ANF, particularly fibre (Forster et
al., 1999; McCurdy and March, 1992; Thiessen et al., 2004). CPC positively (Thiessen et
al., 2004) and negatively (Drew et al., 2007; Forster et al., 1999; Stickney et al., 1996;
Thiessen et al., 2004) affects the growth of rainbow trout. The composition of CPC used
in various experiments varies widely depending on the method used to concentrate the
protein, as can be seen when comparing the products studied by Higgs et al. (1982),
Forster et al. (1999), McCurdy and March (1992) and Thiessen et al. (2004).

While soy, pea and canola are not an exhaustive list of plant protein ingredients
used in rainbow trout diets, these three ingredients may serve well as model ingredients
for examining the effect of plant proteins on the growth of rainbow trout and other
species of fish. PM and SBM have a similar amino acid balance and a number of ANF in
common, but they differ in protein and ANF concentrations. CM is different in almost all
respects from SBM and PM. Their respective protein concentrates also provide
interesting contrasts in nutritive and anti-nutritive content.

Many studies have investigated feeding these ingredients to rainbow trout, but
have used many different methodologies, making direct comparisons of the effects of
these ingredients difficult. Differences in test ingredient inclusion rate, control diet

composition (including level of fish meal inclusion) and the ingredient(s) replaced by the
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addition of the plant protein make it difficult to determine the overall nutritional value of
these ingredients.

We hypothesized measuring the effect of increasing inclusion rates of SBM, PM
and CM and their respective protein concentrates, while maintaining the level of fish
meal in the diets would allow a better comparison of the effects of these ingredients on
the growth of rainbow trout. Therefore, an experiment was performed to determine the
effect of inclusion rates of 0, 75, 150, 225 and 300 g/kg of PM, PPC, SBM, SPC, CM and

CPC on the growth of rainbow trout.

5.3. Materials and methods

5.3.1. Fish husbandry

The experiment was conducted at the Prairie Aquaculture Research Centre (University of
Saskatchewan, Saskatoon, SK, Canada), a biologically filtered, semi-closed recirculating
aquaculture system operating under the University of Saskatchewan Committee on
Animal Care and Supply Protocol #19980142. The fish were triploid female rainbow
trout (Oncorhynchus mykiss), acquired from Wild West Steelhead (Lucky Lake, SK,
Canada). Water temperature was maintained at 15 + 1 °C and the photoperiod was 14 h
light:10 h dark. Environmental and water quality indicators were closely monitored over
the course of the experiment. A commercial fish meal diet was fed for two weeks prior to
the experiment to acclimate the fish to their environment and was also fed to the fish for a
minimum of one week between trials. The guidelines set by the CCAC (1993, 2005) were
followed in the maintenance of all fish for the duration of this experiment. No major
health issues were encountered over the course of this experiment. There were no disease

outbreaks, no problems with feed acceptance and mortality was below 8%.
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5.3.2. Experimental design

The experimental ingredients were: SBM (Federated Cooperatives Limited, Saskatoon,
SK, Canada), SPC (Soycomil K; ADM Specialty Ingredients (Europe) BV, Koog aan de
Zaan, The Netherlands), PM (yellow field pea, CDC Mozart, Crop Development Centre,
Saskatoon, SK, Canada), PPC (yellow field pea, prestige protein, Parrheim Foods,
Saskatoon, SK, Canada), CM (canola meal-35; Federated Co-Operative Ltd., Saskatoon,
SK, Canada) and an aqueous-extracted CPC (Can Pro IP; CanPro Ingredients Ltd.,
Arborfield, SK, Canada).

Six growth trials were conducted, with one for each of the six ingredients. The
order of plant protein sources was randomized and the meals and their respective protein
concentrates were fed in succession (Table 5.3.1). In each trial, the fish were fed five
diets with identical nutritional compositions but increasing levels of the test ingredient (0,
75, 150, 225 or 300 g/kg) (Tables 5.3.2 and 5.3.3). The 0 and 300 g/kg diets were
formulated independently, then combined in relative proportions to yield the 75, 150 and
225 g/kg diets. All diets were formulated on a digestible nutrient basis, using the
digestibility data reported in section 4.0. Diets contained 17.6 MJ/kg digestible energy
and 386.2 g/kg digestible crude protein (Table 5.3.4). Diets were balanced for essential
amino acids according to Mambrini and Guillaume (1999) and met or exceeded rainbow
trout nutrient requirements (NRC, 1993). The level of fish meal in the diets was kept as
constant as possible, within the constraints of balancing the diets on digestible nutrient

levels.
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Diets were mixed on a Hobart mixer (Hobart Corporation; Model L-800; Troy,
OH, USA) and cold extruded through a 5-mm die on a Hobart mixer (Hobart
Corporation; Model 4822; Troy, OH, USA), dried in a forced air oven for 12 h at 55°C,
then chopped and screened to form pellets of uniform size.

For each 56-day trial, fifteen 360 L tanks were used, with three replicates per
treatment. The diets were randomly assigned to the tanks and hand-fed twice daily to
apparent satiation. The amount of feed consumed per tank was recorded for the entirety
of each trial. The same fish were used throughout the experiment and were re-randomized
by tank and diet before each experiment. For each trial, each tank of fish was weighed on
days 0 and 56 and total feed intake was measured. Following the feeding period, three
fish per tank were euthanized by a sharp blow to the head. Each fish and their liver were

weighed to calculate hepatosomatic index ([wet liver weight/wet body weight] x 100).

Table 5.3.1. Timeline, distribution of fish per tank and average weights (g) of fish
during the six growth trials.

Trial n? Start (d) End (d) Initial weight + SD°
PM°® 22 0 56 235.2+17.1
ppCY 22 1 57 237.7+21.7
SBM® 17 130 186 553.0 + 44.6
SpCf 17 166 222 610.8 £ 22.7
cm? 16 192 248 639.8 + 77.5
CPC" 17 305 361 824.6 +82.8

& n=fish/tank.

bSD=Standard deviation.
“Pea meal.

Pea protein concentrate.
*Soybean meal.

fSoy protein concentrate.
9Canola meal.

" Canola protein concentrate.
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Table 5.3.2. Ingredient composition of experimental diets for SBM, PM and CM
growth trials.

Ingredient (g/kg) 0 g/kg 75 g/kg 150 g/kg 225 g/kg 300 g/kg
SBM
Soybean meal® 0.00 75.00 150.00 225.00 300.00
Fish meal® 390.00 367.41 344.82 322.23 299.64
Meat and bone meal® 224.80 180.06 135.32 90.57 45.83
Fish oil 141.34 142.64 143.94 145.24 146.54
Alpha-cellulose® 117.94 111.00 104.07 97.13 90.19
Wheat flour 100.00 100.00 100.00 100.00 100.00
Corn gluten meal 11.16 9.03 6.90 4.76 2.63
Vitamin premix? 4.75 4.75 4.75 4.75 4.75
Mineral premix" 4.75 4.75 4.75 4.75 4.75
Choline chloride' 4.00 4.00 4.00 4.00 4.00
DL-Methionine! 0.75 0.86 0.96 1.07 1.17
Vitamin C* 0.50 0.50 0.50 0.50 0.50
PM
Pea meal' 0.00 75.00 150.00 225.00 300.00
Fish meal® 390.00 389.28 388.55 387.83 387.10
Meat and bone meal® 224.80 168.60 112.40 56.20 0.00
Fish oil 141.34 145.08 148.83 152.57 156.31
Alpha-cellulose® 117.94 88.46 58.97 29.49 0.00
Wheat flour 100.00 86.89 73.78 60.67 47.56
Corn gluten meal 11.16 32.13 53.10 74.07 95.04
Vitamin premix9 4.75 4.75 4.75 4.75 4.75
Mineral premix" 4.75 4.75 4.75 4.75 4.75
Choline chloride' 4.00 4.00 4.00 4.00 4.00
DL-Methionine! 0.75 0.56 0.38 0.19 0.00
Vitamin C* 0.50 0.50 0.50 0.50 0.50
CM
Canola meal™ 0.00 75.00 150.00 225.00 300.00
Fish meal® 400.00 413.20 426.40 439.60 452.80
Meat and bone meal® 304.00 228.00 152.00 76.00 0.00
Fish oil 120.50 111.28 102.05 92.83 83.60
Wheat flour® 100.00 100.00 100.00 100.00 100.00
Alpha-cellulosef 57.80 54.40 51.00 47.60 44.20
Vitamin premix? 4.75 4.75 4.75 4.75 4.75
Mineral premix" 4.75 4.75 4.75 4.75 4.75
Choline chloride' 4.00 4.00 4.00 4.00 4.00
L-Lysine" 1.90 2.73 3.55 4.38 5.20
DL-MethionineX 1.80 1.40 1.00 0.60 0.20
Vitamin C' 0.50 0.50 0.50 0.50 0.50

#Soybean meal; Federated Cooperatives Limited, Saskatoon, SK, Canada.

® SBM and PM diets: Nova Scotia herring meal; Shur-Gain Aquaculture, Truro, NS, Canada. CM diets: West Coast
Fish Meal; Federated Co-Operative Ltd., Saskatoon, SK, Canada.

¢ Saskatoon Processing Co.; Saskatoon Processing Co., Saskatoon, SK. Canada.

4 SBM and PM diets: Danish Fish Oil: FF of Denmark, Skagen, Denmark. CM diets: Mixed Species Fish Oil;
Bioriginal Food and Science Corp., Saskatoon, SK, Canada.

¢Solka-floc, 200 FCC; International fiber corporation, North Tonawanda, NY, USA.

fRobin Hood All-Purpose Flour; Robin Hood Multifoods Corporation, Markham, ON, Canada.

9 DL-methionine, feed grade. Degussa Corporation, Theodore, AL, USA.

" Vitamin premix, commercial (EWOS FISH-STR VIT PX, Surrey, BC; closed formulation), formulated to meet the
requirements of juvenile rainbow trout; BASF Canada, Surrey, BC, Canada.

f60% Choline Chloride; Chinook Group Limited Partnership, Sombra, ON, Canada.

I DL-methionine, feed grade. Degussa Corporation, Theodore, AL, USA.

kKAscorbic acid, pharmaceutical grade; NOW Foods, Bloomingdale, IL, USA.

'Yellow field pea, CDC Mozart; Crop Development Centre, Saskatoon, SK, Canada.

™ Canola Meal-35; Federated Co-Operative Ltd., Saskatoon, SK, Canada.

"L-lysine HCI 788 g/kg; Archer Daniels Midland Company, Decatur, IL, USA.
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Table 5.3.3. Ingredient composition of experimental diets for SPC, PPC and CPC
growth trials.

Ingredient (g/kg) 0 g/kg 75 g/kg 150 g/kg 225 gl/kg 300 g/kg
SPC
Soy protein concentrate' 0.00 75.00 150.00 225.00 300.00
Fish meal® 400.00 354.29 308.59 262.88 217.17
Meat and bone meal® 304.00 250.41 196.82 143.22 89.63
Fish oil 120.50 132.84 145.18 157.52 169.86
Wheat flour® 100.00 100.00 100.00 100.00 100.00
Alpha-cellulose' 57.80 69.18 80.57 91.95 103.33
Vitamin premix? 4.75 4.75 4.75 4.75 4.75
Mineral premix" 4.75 4.75 4.75 4.75 4.75
Choline chloride' 4.00 4.00 4.00 4.00 4.00
L-Lysine! 1.90 2.17 2.45 2.72 2.99
DL-MethionineX 1.80 211 2.41 2.72 3.02
Vitamin C' 0.50 0.50 0.50 0.50 0.50
PPC
Pea protein concentrate™ 0.00 75.00 150.00 225.00 300.00
Fish meal® 390.00 361.35 332.71 304.06 275.41
Meat and bone meal® 224.80 182.66 140.52 98.38 56.24
Fish oil 141.34 136.51 131.69 126.86 122.03
Alpha-cellulose® 117.94 105.36 92.79 80.21 67.63
Wheat flour 100.00 100.00 100.00 100.00 100.00
Corn gluten meal 11.16 24.05 36.93 49.82 62.70
Vitamin premix9 4.75 4.75 4.75 4.75 4.75
Mineral premix" 4.75 4.75 4.75 4.75 4.75
Choline chloride' 4.00 4.00 4.00 4.00 4.00
DL-Methionine! 0.75 1.06 1.38 1.69 2.00
Vitamin C 0.50 0.50 0.50 0.50 0.50
CPC
Canola protein concentrate” 0.00 75.00 150.00 225.00 300.00
Fish meal® 400.00 401.96 403.92 405.87 407.83
Meat and bone meal® 304.00 228.00 152.00 76.00 0.00
Fish oil 120.50 108.95 97.39 85.84 74.28
Wheat flour® 100.00 100.00 100.00 100.00 100.00
Alpha-cellulosef 57.80 67.31 76.82 86.33 95.84
Vitamin premix? 4.75 4.75 4.75 4.75 4.75
Mineral premix" 4.75 4.75 4.75 4.75 4.75
Choline chloride' 4.00 4.00 4.00 4.00 4.00
L-Lysine! 1.90 3.08 4.27 5.45 6.63
DL-MethionineX 1.80 1.71 1.61 1.52 1.42
Vitamin C' 0.50 0.50 0.50 0.50 0.50

#Soycomil K; ADM Specialty Ingredients (Europe) BV, Koog aan de Zaan, The Netherlands.

b ppC diets: Nova Scotia herring meal; Shur-Gain Aquaculture, Truro, NS, Canada. SPC and CPC diets: West Coast
Fish Meal; Federated Co-Operative Ltd., Saskatoon, SK, Canada.

¢ Saskatoon Processing Co.; Saskatoon Processing Co., Saskatoon, SK. Canada.

4 SPC diets: Danish Fish Oil: FF of Denmark, Skagen, Denmark. PPC and CPC diets: Mixed Species Fish Oil;
Bioriginal Food and Science Corp., Saskatoon, SK, Canada.

¢Solka-floc, 200 FCC; International fiber corporation, North Tonawanda, NY, USA.

fRobin Hood All-Purpose Flour; Robin Hood Multifoods Corporation, Markham, ON, Canada.

9 DL-methionine, feed grade. Degussa Corporation, Theodore, AL, USA.

" Vitamin premix, commercial (EWOS FISH-STR VIT PX, Surrey, BC; closed formulation), formulated to meet the
requirements of juvenile rainbow trout; BASF Canada, Surrey, BC, Canada.

f60% Choline Chloride; Chinook Group Limited Partnership, Sombra, ON, Canada.

FL-lysine HCI 788 g/kg; Archer Daniels Midland Company, Decatur, IL, USA.

KDL-methionine, feed grade. Degussa Corporation, Theodore, AL, USA.

|Ascorbic acid, pharmaceutical grade; NOW Foods, Bloomingdale, IL, USA.

™ Pea protein concentrate, yellow field pea, prestige protein; Parrheim Foods, Saskatoon, SK, Canada.

" Can Pro IP; CanPro Ingredients Ltd., Saskatoon, SK, Canada.
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Table 5.3.4. Digestible nutrient composition unless otherwise stated of reference (0
g/kg test ingredient inclusion) and 300 g/kg test ingredient inclusion diets

for each growth trial®.

Reference” PM PPC SBM |Reference® SPC CM CPC
Total dry matter (g/kg) 963.7 974.2 970.1 957.1 979.8 968.3 960.6 949.3
Crude protein (g/kg) 386.2 386.2 386.2 386.2 386.2 386.2 386.2 386.2
Gross energy (MJ / kg) 17.6 17.6 17.6 17.6 17.6 17.6 17.6 17.6
Total ash (g/kg) 138.8 65.2 69.8 77.1 100.7 82.0 118.3 100.8
Total lipid (g/kg) 228.5 195.7 187.0 205.1 211.6 220.9 161.9 151.7
Phosphorus (g/kg) 20.7 12.0 12.0 10.0 24.6 10.0 11.7 10.5
Amino acids (g/kg)
Arginine 25.9 26.1 28.7 27.3 25.7 27.4 24.0 23.7
Cystine 3.6 4.2 43 4.6 3.4 45 45 4.2
Isoleucine 16.6 17.4 17.0 17.0 15.7 17.2 15.8 15.4
Lysine 29.2 29.2 29.2 29.2 29.2 29.2 29.2 29.2
Methionine 10.8 10.9 8.9 9.4 9.9 7.7 6.7 6.1
Threonine 16.9 17.3 16.6 17.0 16.1 15.7 16.2 16.4
Valine 215 21.4 20.8 21.1 20.7 20.0 19.2 19.3
Total starch (g/kg) 146.2 253.4 207.4 134.6 127.0 139.8 146.4 130.2

2 All intermediate diets were produced by combining the reference and 300 g/kg diets in relative proportions.
b Reference diet fed as control with PM, PPC and SBM.
¢ Reference diet fed as control with SPC, CM and CPC.

5.3.3. Statistical analysis

Tank was considered the experimental unit. Linear and quadratic regression equations of
the growth parameters on ingredient inclusion rate were calculated using SPSS and the
regressions were considered significant when P < 0.05. Data were further analyzed as a
completely randomized design using the General Linear Model procedure of IBM SPSS
Statistics (Version 19.0.0, SPSS Inc., Chicago, IL, USA). The Ryan-Einot-Gabriel-Welsh
F test was used to determine differences between means, with significance being

attributed to P < 0.05.

5.4. Results

Linear and quadratic regression equations of ADFI, SGR, FCR and PER on inclusion rate
were not significant for PM, SPC or CPC (Figures 3.2.1, 3.2.2, 3.2.3 and 3.2.4). PPC
inclusion had a significantly positive linear relationship with ADFI (P < 0.05). SBM

inclusion had a significantly negative quadratic relationship with SGR and FCR while for
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PER, both the linear and quadratic regressions were negative and significant (P < 0.05).
The inclusion rate of SBM resulting in 95% of the control SGR was 22 g/kg; for PER 33
g/kg and the inclusion rate of SBM resulting in 105% of the control FCR was 27 g/kg.
CM inclusion had a significantly negative linear and quadratic relationship with SGR and
FCR and the P-value for the linear regression was lower than for the quadratic regression.
CM also had a significant, negative linear relationship with PER (P < 0.05). The
inclusion rate of CM resulting in 95% of the control SGR was 3 g/kg; for PER, 4 g/kg
and the inclusion rate of CM resulting in 105% of the control FCR was 2 g/kg. There was

no significant relationship between inclusion rates of any of the ingredients and HSI.
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5.5. Discussion

The same fish were used throughout the experiment and start weights ranged from 235.2
g for the PM experiment to 824.6 g for the CPC experiment. Generally, SGR decreased
as body weight increased. This agrees with previous studies (Jobling, 1983a, 1983b).
Because the effect of fish age and body weight on growth was constant within each trial,
while the means of growth parameters cannot be compared, the slopes of the regression
equations should not have been affected by initial body weight and are most probably
comparable.

The effect of diet on the growth of rainbow trout can be attributed to nutrient and
ingredient effects. Two diets that are equivalent in digestible nutrients would be expected
to support the same level of growth. Ingredients also have significant effects on the
growth of rainbow trout. Fish meal is a highly palatable and digestible source of proteins
and lipids and is also reported to contain pro-nutritional factors, which promote the health
and growth of fish and are absent in plant-based ingredients. Known factors include
taurine (Gaylord et al., 2006; Lunger et al., 2007), cholesterol (Gémez-Requeni et al.,
2004; Kaushik et al., 1995), nucleotides (Burrells et al., 2001a, 2000b; Li and Gatlin,
2006) and essential fatty acids (Steffens, 1997). There are also uncharacterized factors
associated with low molecular weight fractions in fish meal (Aksnes et al., 2006a, 2006b,
2006¢; Kousoulaki et al., 2009) that appear to have beneficial effects on fish growth. In
contrast, plant ingredients contain ANF (Francis et al., 2001), which reduce fish growth
to a level below that which would be predicted based on dietary digestible nutrient

composition.
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The diets used in the current studies were formulated to keep fish meal inclusion
as constant as possible, within the constraint of balancing diets on digestible nutrients.
Corn gluten meal and meat and bone meal were replaced with increasing inclusion levels
of the test ingredients. Both of these ingredients were assumed to have neutral effects on
fish growth, due to their reported lack of pro- and antinutritional factors (Alexis et al.,
1985; Bureau et al., 2000; Hardy, 2000; Yu, 2004).

Most previously conducted studies on these six ingredients replaced fish meal
with the respective ingredient (Alami-Durante et al., 2010; Carter and Hauler, 2000;
Forster et al., 1999; Gao et al., 2011; Gomes et al., 1993; Hilton and Slinger, 1986; Satoh
et al., 1998; Shafaeipour et al., 2008; Stickney et al., 1996). This has the potential to
confound the effect of the plant and marine ingredients on growth. Furthermore, many
studies balance diets for levels of total nutrients (Denstadli et al., 2007; Mambrini et al.,
1999; Refstie et al., 2000; Rumsey et al., 1994; Stickney et al., 1996; Yamamoto et al.,
2002), rather than digestible nutrients. This complicates the interpretation of data, as
extensive research (Burel et al., 2000; Drew et al., 2007, 2005; @verland et al., 2009)
shows the variability in nutrient digestibility for different ingredients.

In the present study, only SBM and CM had negative effects on growth. This
agrees with most previous studies evaluating these ingredients. SBM has been reported to
decrease the growth of rainbow trout significantly at inclusion levels from 14-780 g/kg
(Barrows et al., 2007; Brinker and Reiter, 2011; Davies and Morris, 1997; Lee et al.,
2002; Refstie et al., 2005; Rumsey et al., 1994; Torstensen et al., 2008). Likewise, CM
has generally been reported to decrease the growth of rainbow trout at dietary inclusion

levels from 47-500 g/kg, (Alami-Durante et al., 2010; Burel et al., 2000; De Francesco et
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al., 2004; Drew et al., 2005; Hilton and Slinger, 1986; Satoh et al., 1998). However,
several studies have reported that CM inclusion from 100-300 g/kg had no effect on
growth (Abdou Dade et al., 1990; Burel et al., 2001; Thiessen et al., 2003).

Studies on the use of PM in rainbow trout also report conflicting results. The
effect of PM on SGR was reported to be negative at levels ranging from 80-163 g/kg
(Alami-Durante et al., 2010; De Francesco et al., 2004). Other studies have reported no
effect of PM on the SGR of rainbow trout at inclusion rates of 120-250 g/kg (Drew et al.,
2005; Thiessen et al., 2003). In the present study, PM had no significant effect on SGR or
other growth parameters at levels up to 300 g/kg in the diet. This effect may have been
due to the relatively constant level of fish meal in the test diets. In comparison, previous
studies have replaced fish meal with PM and thus, the reported decreases in growth might
have been due to decreased levels of fish meal in the diets. Thus, the neutral effect of PM
on the growth of rainbow trout in this study may be more representative of the true
feeding value of PM.

The three protein concentrates had no effects on rainbow trout growth at levels of
up to 300 g/kg. Studies on the effect of PPC on the growth of rainbow trout generally
report no significant effects at levels up to 210 g/kg (Gao et al., 2011; Moreno-Rojas et
al., 2008; @verland et al., 2009; Penn et al., 2011; Thiessen et al., 2003). At inclusion
levels from 276-350 g/kg, PPC does have a negative effect on growth (Carter and Hauler,
2000; Penn et al., 2011). The present study reported no significant effect of PPC on SGR
at levels up to 300 g/kg while feed intake did increase significantly with increasing

inclusion of PPC. This did not result in a significant increase in FCR. In combination
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with previous results, the present results suggest 300 g/kg may be the maximum inclusion
rate for PPC in rainbow trout diets.

In the present study, SPC had no effect on the growth of rainbow trout. Previous
studies on SPC report variable results. Vielma et al. (2000) fed 315 g/kg SPC to rainbow
trout and reported a significant increase in growth compared to controls. Mambrini et al.
(1999) fed 320 g/kg of SPC and reported no effect on fish growth. A large number of
studies reported at inclusion levels of 159-637 g/kg, SPC reduced the growth of rainbow
trout compared to controls (Barrows et al., 2007; Brinker and Reiter, 2011; Stickney et
al., 1996). Several different methods are used to produce SPC, including aqueous and
ethanol fractionation. This results in SPCs with varying nutrient and ANF content, which
may explain conflicting results between studies.

Variability in the production and chemical composition of CPC is even greater
than for SPC. Many different methods of fractionation have been used to produce CPC
for rainbow trout growth experiments. This variation in CPC is reflected in marked
differences in the effect of CPC on the growth of rainbow trout. Thiessen et al. (2004)
reported that inclusion rates of 60-490 g/kg CPC had no significant effect on SGR. Other
studies have reported that CPC inclusion levels from 193-527 g/kg reduce rainbow trout
growth, as compared with a control (Forster et al., 1999; Stickney et al., 1996). The major
difference between these studies is the use of dephytinized CPC by Thiessen et al. (2004).
This suggests that phytate, when present in CPC, may be an important ANF, inducing
negative effects on growth. In support of this notion, dephytinized CPC was used in the

current study and no negative effect of CPC on was seen at inclusions up to 300 g/kg.
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The large body of literature on the use of plant proteins to replace marine proteins
in salmonid diets is difficult to assess due to differences in experimental methodologies.
The current study attempted to compare all of the six ingredients using diets with
identical concentrations of digestible nutrients and similar levels of fish meal. This
allowed a comparison of these ingredients in the absence of confounding dietary factors.
However, the goal of practical diet formulation is the replacement of fish meal with plant
ingredients. Thus, the inclusion level of fish meal will decrease with increasing levels of
plant proteins. This will result in an interaction between the pronutritional effects of fish
meal and the antinutritional effects of plant. Moreover, the effect of feeding two or more
plant protein sources may result in significant interactions between plant ingredients and
further complicate things. To successfully address these issues, the development of
consistent experimental methods to determine the true effects of and interactions between
ingredients need to be developed. This will allow a better comparison of results generated
by different laboratories and increase the rate of progress in this important are of

research.

5.6. Conclusions

The equations formulated in this experiment can be used to predict the ADFI, SGR, FCR
and PER of rainbow trout, provided the diets are formulated on a digestible nutrient basis
and the nutritional standards set in this experiment are followed. Problematic
performance curves (ADFI, SGR, FCR and PER) were seen in the SBM and CM trials,
which indicate dietary formulation on a digestible nutrient basis is not adequate to
maintain performance similar to that of fish fed a control diet. In the cases of the PM,

PPC, SPC and CPC trials, no significant regressions were noted, excluding PPC, which
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had a positive effect on ADFI. As SPC and CPC did not exhibit the same drop in
performance as that seen in fish fed SBM and CM, it is apparent that nutrient digestibility
is not the only germane factor requiring consideration for these two plant-based feed
ingredients. Plant meals and plant protein concentrates differ in their ANF content and it
is this difference that made influenced whether or not the fish who consumed them were
capable of performing as well as fish fed a control. Although the six trials were not
conducted during the same moment in time, nor with fish of identical start weights, many
of the consistencies in experimental practices, such as dietary formulation and
experimental design produced results that are comparable in ways not possible between
data from trials with grossly differing experimental methodologies. The impact of these

feed ingredients as individual entities on the parameters measured in these fish illustrate
how they influence performance. When viewed in conjunction, the full effect and
implications of feeding these six plant-based feed ingredients and variations in their

influence can be evaluated.
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6. STRUCTURAL EQUATION MODELING OF ANTINUTRIENTS IN
RAINBOW TROUT DIETS AND THEIR IMPACT ON FEED INTAKE AND
GROWTH

This chapter has been accepted for publication in Aquaculture as the following article:
Collins, S.A., Mansfield, G.S., Desai, A.R., Hill, J.E., Van Kessel, A.G, Drew, M.D. 2013.
Structural equation modeling of antinutrients in rainbow trout diets and their impact on
feed intake  and growth, Aquaculture. Article in Press. doi:
10.1016/j.aquaculture.2013.09.020. It is included as a chapter in this thesis with the
permission of the publisher, Elsevier. The purpose of this study was to compare dietary
ANF composition based on the analysis conducted in chapter 4 with the growth and feed
intake data for rainbow trout fed diets containing PM, PPC, SBM, SPC, CM and CPC, as
reported in chapter 6 to determine the effect of ANF on growth performance and feed
intake. This chapter provides a model displaying the relationship between ANF and fish
performance, which may be taken into consideration by fish nutritionists when

formulating future rainbow trout diets.
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6.1. Abstract

The inclusion of plant proteins in rainbow trout diets significantly impacts growth and
feed intake. This effect has been ascribed to the presence of antinutritional factors (ANF)
present in plant ingredients, although the magnitude of the effects of ANF has not been
determined. A series of six 56-day growth trials were performed to determine the effect
of feeding 0, 75, 150, 225 or 300 g/kg of pea meal (PM), pea protein concentrate (PPC),
soybean meal (SBM), soy protein concentrate (SPC), canola meal (CM) and canola
protein concentrate (CPC) on the growth of rainbow trout. Diets were formulated to be
equal in digestible nutrient content, with 17.6 MJ/kg digestible energy and 386.2 g/kg
digestible crude protein. For each ingredient trial, specific growth rates (SGR) and
average daily feed intakes (ADFI) of fish fed experimental diets were transformed to a
percentage of the response of fish fed the 0 g/kg diet for each ingredient trial, (resulting in
tSGR and tADFI, respectively). SGR and ADFI values were transformed to enable
comparisons between experiments (tSGR and tADFI, respectively).

Structural equation modeling was used to determine the highest likelihood model for the
effect of ANF (starch, phytic acid, glucosinolates, tannins, isoflavones, total NSP, soluble
NSP, insoluble NSP and saponins) on tADFI and tSGR, as well as the effect of tADFI on
tSGR. All possible models were examined. The Akaike Information Criteriap was used to
determine the model with the highest likelihood. This model contained 29 parameters and
six degrees of freedom. Insoluble NSP, glucosinolates, saponins, tannins and phytic acid
were statistically significant within the model. There were significant correlations
between all ANFs in the structural equation model, except between phytic acid and

saponins. Glucosinolates, saponins and phytic acid in the diet had a significantly negative
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impact on tADFI, whereas the tannins had a significantly positive impact on tADFI. SGR
was negatively influenced by saponins and positively influenced by tADFI. This model
provides a basis for the design of experiments to determine the effect of dietary ANF on
the growth performance of rainbow trout. It can be expanded in the future using
additional ingredients and ANF and can be tested by feeding diets containing varying
levels of these ANF to determine if the resulting growth and feed intakes are the same as

would be predicted by the model.

6.2. Introduction
Numerous studies have investigated the inclusion of plant plant proteins in aquafeeds.
Challenges are associated with feeding plant-based ingredients such as soy, pea and
canola to rainbow trout and other salmonid fish. Production-related impacts are observed
in nutrient digestibility, growth performance, feed intake and feed conversion (Gao et al.,
2011; Torstensen et al., 2008; Drew et al., 2005; Forster et al., 1999; Refstie et al., 1998).
Additional influences of plant protein sources include detrimental impacts on gut
histology and morphology, altered liver morphology, increased expression of
inflammatory marker genes and shifts in intestinal microbial populations (Desai et al.,
2012; Sgrensen et al., 2011; Mansfield et al., 2010; Merrifield et al., 2009; Krogdahl et
al., 2003; Bakke-McKellep et al., 2000; Burrells et al., 1999). These effects have been
largely attributed to the presence of antinutritional factors (ANF) found in plant-based
ingredients.

Antinutritional factors are primarily metabolic or protective mechanisms of plants

(Bennett and Wallsgrove, 1994) and as such, can have detrimental (sometimes toxic)
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effects when eaten (Francis et al., 2001; Novak and Haslberger, 2000). When single ANF
such as phytic acid, saponins and protease inhibitors are fed to salmonids, the results
mimic the effects seen when ingredients containing these ANF are fed (Sgrensen et al.,
2011; Denstadli et al., 2006a; Bureau et al., 1998; Krogdahl et al., 1994), supporting the
suggestion that ANF are responsible for the negative effects of feeding plant ingredients.

The functionality of plant-based feed ingredients is markedly improved for use in
aquafeeds by processing plant meals into protein concentrates. Protein is concentrated
from plant meals using aqueous extraction or air classification. Depending on the
processing method used, ANF can be eliminated (e.g. fibre and phytic acid) or activated
(e.g. glucosinolates) (Grub and Abel, 2006; Thiessen et al., 2004, 2003; Bennett and
Wallsgrove, 1994). Despite many nutritional improvements, there are still differences
seen in salmonids when protein concentrates are fed, as opposed to feeding fish meal
(Penn et al., 2011; Barrows et al., 2007; Drew et al., 2007). This indicates that not all
detrimental ANF have been removed.

While ANF with negative effects on the growth performance of salmonids have
been identified, the relative magnitudes of these effects have not been quantified. This is
due to several factors. Firstly, ANF are present in mixtures in feed ingredients making it
impossible to separate the effects of individual ANF using only a single ingredient. It is
also difficult to discern whether they are due to the independent action(s) of one or more
ANF or the result of an interaction between two or more ANF. The addition of individual
ANF to diets does not account for the interactions between ANF present in plant

ingredients and thus, cannot be used to provide a reliable estimate of the effect size.
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Lastly, the inclusion of fish meal is usually reduced when a plant ingredient is added.
This confounds the effects of the plant ingredient with those of fish meal.

Structural equation models are used to simplify complex relationships between
interconnected variables by describing them in the form of mathematical equations. With
structural equation modeling, both direct and indirect causal relationships can be
examined (Lamb et al., 2011). Observed data is fitted with unobserved, latent variables in
such a way that assumptions about the interrelationships between factors can be
simultaneously explored (Schumacker and Lomax, 2010), suggesting cause and effect.
Structural equation modeling is commonly used for psychological and social studies (Yeh
et al., 2010; Golob, 2003), whereas its usefulness to other branches of science has only
begun to be realized. Structural equation modeling is now employed in the plant sciences
(Lamb et al., 2011; Lamb and Cahill, 2008) and recently in the field of aquaculture (Abou
et al., 2012). As there is still much mystery surrounding ANF in aquaculture research, we
concluded that the simultaneous effect of multiple ANF on SGR and ADFI might be best
explored using structural equation modeling.

Using this approach, we began the process of identifying the direct impact of
dietary ANF and their interactions. We applied this technique to growth and feed intake
data from a set of six experiments, where PM, PPC, SBM, SPC, CM or CPC were fed at
inclusion rates of 0, 75, 150, 225 and 300 g/kg to rainbow trout. Fish meal concentrations
were kept relatively constant among diets (Collins et al., 2012). The ANF content of all
diets used in Collins et al. (2012) was calculated and a structural equation model was
created to describe the relationship between the ANF content of diets and the growth

performance of rainbow trout. With this method, we hypothesize that it will be possible
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to identify a testable, causal relationship between the ANF present in intact feed

ingredients and the ADFI and SGR of rainbow trout.

6.3. Materials and methods
6.3.1. Fish growth studies
The growth and feed intake data used to perform this experiment originate from the
results reported by Collins et al. (2012). Five diets containing 0, 75, 150, 225 or 300 g/kg
of PM, PPC, SBM, SPC, CM and CPC were fed in a series of six experiments (Table
6.3.1). Diets were formulated to contain the same concentrations of digestible nutrients
(17.6 MJ/kg digestible energy and 386.2 g/kg of digestible crude protein). The diets met
or exceeded the nutritional requirements of rainbow trout (National Research Council,
1993). Dietary fish meal levels among diets were kept as constant as possible, given the
constraints of formulating on a digestible nutrient basis, to reduce potential nutritional
effects of this ingredient (GOmez-Requeni et al., 2004; Kaushik et al., 1995; Burrells et
al., 2001a, b; Li and Gatlin, 2006). Meat and bone meal and corn gluten meal were
substituted for the test ingredients. All diets met the nutritional requirements of rainbow
trout as mandated by the National Research Council (1993).

Triploid, female rainbow trout (Oncorhynchus mykiss) were purchased from Wild
West Steelhead (Lucky Lake, SK, Canada) and housed at the Prairie Aquaculture
Research Centre (University of Saskatchewan, Saskatoon, SK, Canada) in 360 L tanks.
This facility is a semi-closed recirculation system, where water temperature was kept at
15 = 1 °C and the photoperiod was a 14 h light:10 h dark cycle. Water was filtered

biologically and environmental and water quality indicators were closely monitored. This
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trial was operated under the University of Saskatchewan Committee on Animal Care and
Supply Protocol #19980142. Fish husbandry followed the guidelines of the Canadian
Council on Animal Care (1993, 2005).

The six test ingredients were fed in separate trials over a period of 361 days. In
each experiment, the diets were randomly assigned to 15 tanks (3 tanks/treatment) and
fed for 56 days. Feedings occurred twice daily by hand and fish were fed to apparent
satiation. The distribution of fish per tank and average weight of fish in each trial are as
follows: PM (n=22; mean weight, 235.2 g), PPC (n=22; mean weight, 237.7 g), SBM
(n=17; mean weight, 553.1 g), SPC (n=17; mean weight 610.8 g), CM (n=16; mean
weight, 639.8 g) or CPC (n=17; mean weight, 822.6 g). The same fish were used in all
trials. Between trials, the fish were re-randomized within tanks and fed a commercial
diet.

For each trial, the fish were weighed on day 0 and day 56. SGR was calculated for
each experimental unit using the following calculation: SGR = (In final weight — In initial
weight) / time (days) x 100. Feed intake was recorded daily and ADFI was calculated
using the following equation: ADFI = feed consumed/fish/day. SGR and ADFI data were
transformed so the mean SGR and ADFI of the 0 g/kg control diet for each ingredient
trial was equal to 100.0 (transformed SGR and ADFI = tSGR and tADFI). All other
ADFI and SGR values for fish fed experimental diets were transformed to be a

percentage of their respective controls.
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Table 6.3.1. Ingredient composition of control (0 g/kg test ingredient inclusion) and
300 g/kg test ingredient inclusion diets for each growth trial®.

300 300 300 300 300 300
Ingredient (g/kg) ctrll®  glkg g/kg gkg Ctrl2° g/kg a/kg a/kg
PM PPC SBM SPC CM CPC

Pea meal® 0.00 300.00 0.00 0.00 0.00 0.00 0.00 0.00
Pea protein 0.00 0.00 300.00 0.00 0.00 0.00 0.00 0.00
concentrate®

Soybean meal’ 0.00 0.00 0.00 300.00 0.00 0.00 0.00 0.00
Soy protein 0.00 0.00 0.00 0.00 0.00 300.00 0.00 0.00
concentrate’

Canola meal" 0.00 0.00 0.00 0.00 0.00 0.00 300.00 0.00
Canola protein 0.00 0.00 0.00 0.00 0.00 0.00 0.00 300.00
concentrate'

Fish meal’ 390.00 387.10 275.41 299.64 400.00 217.17 452.80 407.83
Meat and bone meal 224.80 0.00 56.24 4583 304.00 89.63 0.00 0.00
Fish oil 141.34 156.31 122.03 146.54 120.50 169.86 83.60 74.28
Alpha-cellulose™ 117.94 0.00 67.63 90.19 57.80 103.33 44.20 95.84
Wheat flour” 100.00  47.56 100.00 100.00 100.00 100.00 100.00 100.00
Corn gluten meal 1116 95.04 62.70 2.63 0.00 0.00 0.00 0.00
Vitamin premix° 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75
Mineral premix® 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75
Choline chloride® 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
L-Lysine' 0.00 0.00 0.00 0.00 1.90 2.99 5.20 6.63
DL-Methionine® 0.75 0.00 2.00 1.17 1.80 3.02 0.20 1.42
Vitamin C' 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

& All intermediate diets were produced by combining the reference and 300 g/kg diets in relative proportions.

b Control 1 fed as control for PM, PPC and SBM trials.

¢ Control 2 fed as control for SPC, CM and CPC trials.

dvellow field pea, CDC Mozart; Crop Development Centre, Saskatoon, SK, Canada.

¢Pea protein concentrate, yellow field pea, prestige protein; Parrheim Foods, Saskatoon, SK, Canada.

fSoybean meal; Federated Cooperatives Limited, Saskatoon, SK, Canada.

9Soycomil K; ADM Specialty Ingredients (Europe) BV, Koog aan de Zaan, The Netherlands.

" Canola Meal-35; Federated Co-Operative Ltd., Saskatoon, SK, Canada.

fCan Pro IP; CanPro Ingredients Ltd., Saskatoon, SK, Canada.

I Control 1, PM, PPC and SBM diets: Nova Scotia herring meal; Shur-Gain Aquaculture, Truro, NS, Canada.. Control
2, SPC, CM and CPC diets: West Coast Fish Meal; Federated Co-Operative Ltd., Saskatoon, SK, Canada.

k Saskatoon Processing Co.; Saskatoon Processing Co., Saskatoon, SK. Canada.

' Control 1, PM, PPC and SBM diets: Danish Fish Oil; FF of Denmark, Skagen, Denmark. Control 2, SPC, CM and
CPC diets: Mixed Species Fish Qil; Bioriginal Food and Science Corp., Saskatoon, SK. Canada.

™Solka-floc, 200 FCC; International fiber corporation, North Tonawanda, NY, USA.

"Robin Hood All-Purpose Flour; Robin Hood Multifoods Corporation, Markham, ON, Canada.

° Vitamin premix, commercial (EWOS FISH-STR VIT PX, Surrey, BC; closed formulation), formulated to meet the
requirements of juvenile rainbow trout; BASF Canada, Surrey, BC, Canada.

P Mineral premix, commercial (EWOS FISH MINERAL PX#2, Surrey, BC; closed formulation), formulated to meet
the requirements of juvenile rainbow trout; BASF Canada, Surrey, BC, Canada.

960% Choline Chloride; Chinook Group Limited Partnership, Sombra, ON, Canada.

"L-lysine HCL 788 g/kg; Archer Daniels Midland Company, Decatur, IL, USA.

* DL-methionine, feed grade. Degussa Corporation, Theodore, AL, USA.

' Ascorbic acid, pharmaceutical grade; NOW Foods, Bloomingdale, 1L, USA.
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6.3.2. Chemical analysis

Total starch was analyzed using the Megazyme total starch analysis kit (AOAC, 1995;
method no. 996.11). Glucosinolates were analyzed in CM and CPC (AOCS, 1998,
method Ak 1-92) and isoflavones in SBM, SPC, PM and PPC were determined (AACC
International, 2001; method 20-20.01) by POS Pilot Plant Corporation (Saskatoon, SK,
Canada). Test ingredients were analyzed for tannins at Nutrilab B.V. (Giessen,
Netherlands) using the Folis Denis method. Phytic acid (inositol hexakisphosphate and
inositol pentakisphosphate) in the test ingredients was extracted using the method of
Newkirk and Classen (1998). Samples were analyzed via high performance liquid
chromatography at MCN BioProducts, Inc. (Saskatoon, SK, Canada). A modified version
of the procedures developed by Englyst and Hudson (1987) and Englyst et al. (1994), as
described by Reveco et al. (2011) was used to analyze total, soluble and insoluble non-
starch polysaccharides (NSP) in the test ingredients. Values for saponins were based on
values found in the literature for all ingredients, except for CPC, which was obtained

from MCN BioProducts (Table 6.3.2).
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Table 6.3.2. ANF? content (g/kg unless otherwise stated) of test ingredients (dry
matter basis).

SBM°® PME CcM? Spct PPCf cpC"
Starch 51.2 486.8 26.9 25.4 307.9 9.4
Phytic acid 22.3 16.0 38.8 29.0 76.2 0.0
Glucosinolates (mmol/kg) 0.00 0.00 7.14 0.00 0.00 1.25
Tannins 8.4 49 10.6 5.4 7.6 6.2
Isoflavones 53.7 0.2 0.0 0.3 0.7 0.0
Total NSP' 24.2 18.2 34.4 25.6 24.4 25.2
Soluble NSP 6.6 6.8 6.1 5.7 11.0 5.4
Insoluble NSP 17.6 11.4 28.3 19.9 13.4 19.8
Saponins 35 1.8 3.6 0.0' 5.4 0.0™

2Antinutritional factor.
®Soybean meal.

°Pea meal.

dCanola meal.

¢Soy protein concentrate.
"Pea protein concentrate.

9 Canola protein concentrate.
" Non-starch polysaccharide.
'Curl et al., 1985.

JHeng et al., 2006.
kBarrén-Yanez et al., 2009.
"Ireland et al., 1986.

™MCN BioProducts Inc. Saskatoon SK Canada.

6.3.3. Antinutrients in the diets

Dietary ANF were calculated based on the ANF in the test ingredients in relation to their
inclusion level in each diet. The contribution of ANF to each diet was considered solely
on the basis of the test ingredient. Thus, the diets containing 0 g/kg of the test ingredients
were considered to contain no ANF and diets containing 300 g/kg test ingredient had the
highest proportion of ANF, with those of 75, 150 and 225 g/kg being intermediary.
Dietary ANF values for experimental diets with 300 g/kg ingredient inclusion are shown

in Table 6.3.3.
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Table 6.3.3. Calculated ANF? content (g/kg unless otherwise stated) of
test diets at 300 g/kg ingredient inclusion level® (dry matter basis).

SBM® PM® CcMm? SpCt PPC' cpCh
Starch 154 146.0 8.1 7.6 92.4 2.8
Phytic acid 6.7 4.8 11.6 8.7 7.2 0.0
Glucosinolates (mmol/kg) 0.00 0.00 2.14 0.00 0.00 0.38
Tannins 25 15 3.2 1.6 2.3 1.9
Isoflavones 16.1 0.1 0.0 0.1 0.2 0.0
Total NSP! 7.2 55 10.3 7.7 6.7 7.6
Soluble NSP 2.0 2.0 1.8 1.7 3.3 1.6
Insoluble NSP 5.3 3.4 8.5 6.0 4.0 6.0
Saponins 11 0.5 11 0.0 16 0.0

 Antinutritional factor

® Diets with ingredient inclusion of 0 g/kg are considered to contain no ANF due to experimental ingredients and diets with 75, 150
and 225 g/kg have an intermediary antinutrient composition.

¢ Soybean meal.

¢ Pea meal.

¢ Canola meal.

f Soy protein concentrate.

9 Pea protein concentrate.

" Canola protein concentrate.

" Non-starch polysaccharide.

6.3.4. Statistical analysis

Tank was considered the experimental unit. IBM SPSS Amos (version 16.0, SPSS Inc.,
Chicago, IL, USA) was used to perform the statistical analysis. Structural equations with
observed variables (path modeling) was used on this model to determine direct causal
relationships between ANF, tSGR and tADFI. A saturated model consisting of all
possible linear regression weights and covariances investigated the effects of the
concentration of phytic acid, starch, glucosinolates, tannins, isoflavones, total NSP,
soluble NSP, insoluble NSP and saponins on tADFI and tSGR, as well as the effect of
tADFI on tSGR. A specification search was used to determine the best-fit models
containing 1 to 34 parameters among all possible models. The Akaike Information

Criteria (AIC) of 0 (AICy) was used to determine the best-fit parameter model.
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6.4. Results

The levels of ANF in each ingredient and the ANF in the experimental diets containing
the test ingredients at 300 g/kg are shown in Tables 2 and 3, respectively. Phytic acid was
highest in PPC, while CPC was devoid of phytic acid. The diets containing 300 g/kg of
the test ingredients fed in the six growth trials had concentrations of 6.7, 4.8, 11.6, 8.7,
22.9 and 0 g/kg phytic acid for SBM, PM, CM, SPC, PPC and CPC, respectively.
Glucosinolates were only present in the canola products and CM had levels more than
five times higher than CPC (2.13 and 0.38 mmol/kg, respectively). Tannin levels were
relatively consistent in the six ingredients, ranging from 4.9 g/kg in PM to 10.6 g/kg in
CM. Isoflavones were present at levels less than 1 g/kg in all ingredients except SBM,
which had a concentration of 53.7 g/kg. The highest saponin levels were reported for
SBM and PPC.

PPC had the highest level of soluble NSP (11.0 g/kg), while the other five
ingredients had relatively similar soluble NSP concentrations ranging from 5.4-6.8 g/kg.
Insoluble NSP concentrations were higher than soluble NSP values for all six ingredients.
CM had the highest level of insoluble NSP. CM also had the highest levels of total NSP
of the ingredients (34.4 g/kg), while PM had the lowest total NSP (18.2 g/kg). As
additional information, the wheat flour used to make these diets contained 10.3 g/kg
insoluble NSP, 1.4 g/kg soluble NSP (11.7 g/kg total NSP.

The untransformed ADFI and SGR of the controls in the six growth trials are
shown in Table 6.4.1. The tSGR for the fish fed 300 g/kg of the test ingredients ranged

from 58.2% for the SBM-fed fish to 106.4% for the PPC-fed fish. Likewise, the tADFI
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for the fish fed 300 g/kg of the test ingredients ranged from 81% for SBM-fed fish to
114.9% for the PPC-fed fish.

The possible statistical equation models (with 25 to 34 parameters) describing the
interrelationships between ANF, tSGT and tADFI are shown in Table 6.4.2. Positive
values indicate positive relationships between variables, where if one variable occurs or is
present, the other synchronously occurs or is present. Negative values indicate inverse
relationships between values. The AIC, was a minimum for the 29 parameter model,
making it the best-fit model. Error; represented the unexplained variation for tADFI with
a factor of 0.15 and Error, represented the unexplained variation for tSGR with a factor
of 0.19 (Figure 6.4.1).

In this model, glucosinolates, saponins and phytic acid had a significant, negative,
impact on tADFI and tannins had a significant, positive effect on tADFI. Saponins had a
negative impact on tSGR. It was the only ANF that had a direct effect on tSGR and of all
the ANF, had the greatest effect on tADFI. The only factor that had a direct, positive
effect on tSGR was tADFI. Insoluble NSP are included in the best-fit model, but they
have no direct effect on either tADFI or tSGR. There were significant covariances
between all five ANF in the structural equation model, except between phytic acid and

saponins (Table 6.4.2).
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Table 6.4.1. Transformed ADFI* and SGR® and of rainbow trout fed SBM, PM,
CM, SPC, PPC and CPC at inclusion levels of 0, 75, 150, 225 and 300 g/kg.
Untransformed SGR and ADFI of fish fed control diet (0 g/kg).

Ingredient inclusion rate (g/kg)

Ingredient 0 75 150 225 300 SEM®
Untransformed
SGR of Transformed SGR (% of SGR of 0 g/kg control group)
control
SBM 0.6 100.0 112.7 121.8 98.2 58.2 0.04
PM 1.6 100.0 87.0 81.5 85.8 94.4 0.05
CM 0.7 100.0 86.3 86.3 67.1 65.8 0.04
SPC 0.7 100.0 97.3 95.9 74.3 81.1 0.03
PPC 1.3 100.0 108.0 107.2 107.2 106.4 0.02
CPC 0.5 100.0 107.7 103.8 65.4 65.4 0.06
Untransformed
ADFI of Transformed ADFI (% of ADFI of 0 g/kg control group)
control
SBM 4.2 100.0 104.8 135.7 111.9 81.0 0.31
PM 5.0 100.0 84.0 90.0 100.0 102.0 0.31
CM 6.1 100.0 68.9 80.3 90.2 85.2 0.45
SPC 5.6 100.0 117.9 105.4 92.9 91.1 0.67
PPC 4.7 100.0 95.7 106.4 112.8 114.9 0.30
CPC 8.9 100.0 96.6 109.0 92.1 95.5 0.30

& Average daily feed intake (g feed / fish / d).
b Specific growth rate ([In final weight — In initial weight] / time (days) x 100).
¢ Standard error of the mean of untransformed data.
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Table 6.4.2. Best-fit models for 25-34 parameters (10-1 degrees of freedom) based on
the minimum Akaike Information Criteria of 0 (AICy). The first 14
parameters consist of variable means and error terms.

Parameters

25 26 27 28 29 30 31 32 33 34

Covariances

Insol NSP? <> Saponins 0.68 068 068 073 068 073 073 073 073 073
Insol NSP<>Tannins 153 153 153 173 153 173 173 173 173 1.73
Insol NSP<>Glucosinolates 061 061 061 070 061 070 070 070 070 0.70
Insol NSP<>Phytic acid 678 678 6.78 831 678 831 831 831 831 831
Saponins<>Tannins 020 020 020 023 020 023 023 023 023 0.23
Saponins<>Glucosinolates 0.0 0.07 007 009 007 009 009 009 0.09 0.09
Saponins<>Phytic acid 0.32 032 032 032 032 0.32
Tannins<>Glucosinolates 021 021 021 024 021 024 024 024 024 0.24
Tannins<>Phytic acid 372 372 372 419 372 419 419 419 419 419

Glucosinolates<>Phytic acid 185 185 185 202 185 202 202 202 202 2.02

Regression weight (tADFI°)

Insol NSP 0.06 -0.03 -0.06
Saponins -053 -053 -085 -085 -0.85 -0.85
Tannins 004 004 035 035 037 037 037 037
Glucosinolates -0.26 -0.26 -0.26 -0.30 -0.18 -0.18 -0.17 -0.17 -0.17 -0.17
Phytic acid -0.03 -0.03 -0.04 -0.04 -0.04 -0.04
Regression weight (tSGR°)

Insol NSP 0.06 006 0.06 0.06
Saponins -0.27 -0.27 -0.27 -0.27 -0.27 -0.27 -0.20
Tannins -0.08 -0.12
Glucosinolates

Phytic acid 0.01 0.01 002
tADFI 043 029 029 029 028 028 028 030 034 037
AIC, 2169 264 18 241 000 056 129 255 405 582
Relative likelihood <0.01 0.268 0.395 0.299 1.000 0.758 0.525 0.279 0.132 0.055

#Water-insoluble non-starch polysaccharide.
® Transformed average daily feed intake.
¢ Transformed specific growth rate.
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6.5. Discussion

Antinutritional factors are generally acknowledged to be responsible for decreases in the
growth performance of rainbow trout when plant ingredients are added to diets. However,
a model of the magnitude of the effects of ANF on growth performance and the
relationships between ANF has not been established. This is due to the complexity of
such a model and the difficulty of conducting an experiment that provides unbiased data
on the relationships between ANF and growth performance.

The objective of this study was to identify the relationships between the ANF in
these six ingredients and their impact on the ADFI and SGR of rainbow trout. Structural
equation modeling was selected as the demonstrative approach, due to its capability of
illustrating the potentially expansive web of interrelationships between these factors.

The isoflavones in soybeans have antioxidant (Rifer and Kulling, 2006) and anti-
inflammatory capabilities (Droke et al., 2007) and modulate inflammatory signaling
pathways (Dijsselbloem et al., 2004; Kim et al., 1998). However, none of the best-fit
models with less than 29 parameters included isoflavones as a significant factor. While
isoflavones may not affect growth, they have been shown to affect estrogen metabolism
and gametogenesis in salmonids and more markedly in sturgeon (Gontier-Latonnelle et
al., 2007; Ng et al., 2006; Bennetau-Pelissero et al., 2001). Thus, they might still have
significant effects on the overall productivity of aquaculture systems, and may be more
suitable for structural equation models involving the relationship between ANF and fish
reproduction.

Starch has been cited as an ANF that decreases the feed intake and growth rate of

salmonid fish. Starch is more readily digestible when gelatinized using hydrothermal
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processing such as extrusion (Krogdahl et al., 2004; Pfeffer et al., 1991; Bergot and
Breque, 1983). The diets used in these trials were cold pelleted and starch would not have
been significantly gelatinized. The diets in the present experiment were balanced based
on digestible energy. The results suggest that starch is a readily utilized energy substrate
for rainbow trout at the concentrations used in these trials and does not have significant
antinutritional effects in rainbow trout diets.

Although protein concentration has the benefit of reducing the ANF levels of the
concentrate as compared with those found in a meal, this is not true for phytic acid.
Carnovale et al. (1988) reported 8.5 and 9.4 g/kg phytic acid in two pea cultivars. Phytic
acid in the protein concentrates of these same cultivars was 19.0 and 13.2 g/kg,
respectively. CPC can contain phytic acid levels from 53 to 75 g/kg, a concentrated value
when compared with CM, which necessitates the use of phytase (Forster et al., 1999).

Phytic acid impairs growth and feed intake in Atlantic salmon when present in the
diet at a level of 4.6 g/kg (Denstadli et al., 2006a). Except for CPC, all ingredients
provided concentrations of phytic acid in the 300 g/kg diets at higher levels, with the
lowest in the PM treatment at 4.8 g/kg and the highest in the PPC diet at 22.7 g/kg. The
CPC used in the current study was dephytinized, serving as a reference ingredient for the
effect of phytic acid on feed intake and growth. While tADFI was directly impaired by
phytic acid, there was no significant regression weight for phytic acid on tSGR. This
suggests that phytic acid decreases feed intake, possibly by altering olfaction or gustation
of diets. Soluble amino acids are potent olfactory and gustatory stimulators in rainbow

trout (Atema, 1980; Carpio, 1984; Jones, 1990). Given that phytic acid binds to free
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amino acids, they may decrease their concentration and reduce the overall palatability of
the diet.

Like phytic acid, tannins bind to proteins, reducing amino acid digestibility
(Mariscal-Landin et al., 2004; Francis et al., 2001). Moreover, the astringent flavour of
the tannins might affect the gustation of feed negatively (Bravo, 1998; Kumar and
Vaithiyanathan, 1990), reducing tADFI. However, in this study, the effect of tannins on
tADFI was significantly positive. There are no published studies on the effect of tannins
on feed intake in salmonids. However, Grosjean et al., (1991) reported that pigs ate
significantly more of a two diets containing pea varieties with 3.6 and 3.9 g/kg of tannins,
than two other diets that contained pea varieties with 0 g/kg tannins. As the diets fed in
these rainbow trout trials were balanced on digestible amino acids, any reduction in
amino acid digestibility by tannins would be compensated for during diet formulation.
These results suggest that in diets where the lowered digestibility of amino acids due to
tannins is adjusted for, the tannins in these six plant proteins are not an ANF and may
actually have a small positive effect on feed intake.

Glucosinolates and their derivative products impair thyroidal iodine uptake and
growth performance (Tripathi and Mishra, 2007; Pereira et al., 2002). For growth
performance, the dietary tolerance level of rainbow trout for glucosinolates is 1.4-19.3
mmol/kg, with values lower than 3.7 mmol/kg most highly recommended (Tripathi and
Mishra, 2007; Burel et al., 2001). Glucosinolates are present almost exclusively in plant
products of Brassica origin (Tripathi and Mishra, 2007), in the case of this experiment,
CM and CPC. Glucosinolate concentrations in CM and CPC diets were 2.14 and 0.38

mmol/kg, respectively. These concentrations are at the lower levels of dietary tolerance.
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Glucosinolates negatively influenced tADFI, which has also been seen in poultry, swine,
and rats (Tripathi and Mishra, 2007; Johnson and Reuber, 1994; Lo and Bell, 1972).
While glucosinolates impair growth performance, the best-fit model suggests that this
effect is mediated through decreased appetite rather than on growth directly.

Previous studies examining the effect of soluble and insoluble NSP in Nile tilapia
reported that feeding 80 g/kg guar gum as a source of soluble fibre reduced feed intake
and growth significantly, while feeding 80 g/kg cellulose as a source of insoluble fibre
had no effect on growth or feed intake (Amirkolaie et al., 2005). However, purified fibre
sources may not be good models for the effects of NSP present in whole ingredients. In
the current study, soluble fibre had no effect on tADFI or tSGR. The significant, positive
covariances insoluble NSP have with the other four ANF in the model suggests that
insoluble NSP interact with or potentiate the activity of the other ANF in the model.

Soybeans contain approximately 192-217 g/kg NSP and approximately two-thirds
of these NSP are insoluble (Choct et al., 2010; Bach Knudsen, 1997). SBM reduces lipid
digestibility, which has been attributed to its high NSP content (Refstie et al., 1999).
Refstie et al. (1998) found a link between SBM and reduced feed intake, whereby
reducing the carbohydrates of SBM led to improved nutrient digestibility. Carbohydrates
from other plant sources, such as lupins have also been found to reduce nutrient
digestibility (Glencross et al., 2003). Glencross (2009) fed soluble and insoluble lupin
NSP to rainbow trout at dietary inclusion levels of 100, 200 and 300 g/kg. There was a
significant effect of fibre type and level. At all levels, insoluble NSP impaired nutrient
digestibility and this effect increased with ingredient inclusion level. Discrepancies

between studies with respect to NSP suggest classification beyond soluble and insoluble
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is required and they may be better compared on an individual basis. The effect of soluble
and insoluble NSP on feed intake and growth are specific to the plant source, and
generalizations about their effects based on the six ingredients used in this model may not
be appropriate.

An association between SBM and sub-acute enteritis in salmonid fishes was
previously thought to be due to the NSP content of SBM. Kraugerud et al. (2007)
compared SBM and extracted soy NSP products and found only SBM caused enteritis.
This suggests that in SBM is not the culprit for these negative effects, but some other
chemical component, such as saponins. Saponins are a diverse group of compounds
consisting of a non-sugar aglycone conjugated with a wide variety of sugar chain units
(Oleszek, 2002). Due to the difficulty of analyzing the wide variety of compounds
contained within the family of saponins, values used in this analysis were based on
published values from the literature. Saponins have foaming capabilities in aqueous
solution, a bitter taste and hemolyze erythrocytes. They are highly toxic to poikilothermic
animals, including fish, and interact with intestinal cell membranes, increasing cell
permeability (Sparg et al., 2004; Francis et al., 2002). Depending on the method used,
saponins can be relatively resistant to protein concentration and only partially reduced by
the process (Drew et al., 2007). Saponins are soluble in aqueous solution and for more
thorough extraction, saponins can be extracted by processing with methanol (Balsevich et
al., 2009; Heng et al., 2006), such as in the solvent-extraction method used in the
production of SPC.

In the best-fit model, the regression coefficients for saponins were significantly

negative for both tADFI and tSGR. These coefficients had the highest magnitudes of any
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of the other ANF in the model. These negative effects of dietary saponins are in
agreement with previously published studies. Saponins and saponin-containing feed
ingredients induce sub-acute intestinal enteritis in fish in conjunction with a reduction in
growth. This has been noted in common carp, Japanese flounder, Chinook salmon and
rainbow trout, although the majority of the research has been conducted in Atlantic
salmon (Chikwati et al., 2012; Kortner et al., 2012; Chen et al., 2011; Sgrensen et al.,
2011; Refstie et al., 2010; Knudsen et al., 2008; Uran et al., 2008; Bureau et al., 1998).
This gut damage may have had a negative impact on tSGR due to metabolic and
physiological effects. Beyond this, the bitter flavor of the saponins may have reduced the
palatability of the diets they were included in, reducing tADFI. Bureau et al. (1998)
reported decreases in feed intake in Chinook salmon and rainbow trout due to the bitter
flavor of saponins. Saponins were the only ANF present in the ingredients that
independently reduced SGR. This suggests that the toxic effects of saponins are mediated
by mechanisms beyond feed intake, such as decreased nutrient absorption due to
intestinal damage.

The analysis of this experiment using structural equation modeling demonstrates
the complex interrelationships between ANF and growth response factors. Using this
approach allowed the development of a testable model that assigned direct, numerical
values to the effects (negative and positive) of feeding ingredients containing these ANF
to rainbow trout. Structural equation modeling with observed and latent variables was
chosen, as opposed to only performing path analysis, specifically because it allowed all
possible interrelationships and causal networks to be tested (Gan and Yang, 2011; Lamb

et al., 2011). The model was selected based on the AIC, which deals with model
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selection uncertainty, as a result of the empirical support provided by Burnham and
Anderson (2004).

In this experiment, as many ANF were tested as possible, within the financial
capabilities of this study. As with any experiment, there were financial limitations on the
amount of work we could do and we acknowledge that not all ANF that were possibly
present in the ingredients were tested, including sinapine, lectins, glycinin and beta-
conglycinin. The effects of ANF not included in the model (as well as other factors that
affected growth and feed intake) can be explained by the error terms, although they do
not take into account potential covariances between these ANF and other ANF in the
model. Excluding important ANF from the model could affect the final outcome of the
experiment, providing less than accurate causal relationships. However, this experiment
does provide a valid initial model to predict the effects of ANF on rainbow trout and
growth. Future experiments can be designed to determine the accuracy of this model. We
hope that in the future, more ANF and more ingredients will be added to the model.

Further applications for this model may include investigating diets containing
more than one test ingredient to determine if similar results can be obtained based solely
on ANF content and if there are ingredient and ANF effects and interactions not
accounted for. Examining the effects of additional ingredients, ANF and extending it to
other aquaculture species will further strengthen our understanding of the effects of plant

ingredients on finfish.
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6.6. Conclusion

Dietary formulation can account for ANF that reduce nutrient digestibility, preventing
them from impairing growth. The presence or absence of ANF on an individual basis is
an unrealistic approach in determining their effect on SGR and ADFI, as they interact
with other dietary ANF. The interplay between ANF and nutrients in plant ingredients
must be considered when formulating plant-based salmonid diets. This experiment

resulted in a structural equation model that can be tested in further studies.
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7. DISCUSSION
Plant proteins are used to replace fish meal in salmonid feeds, but these ingredients are
not equivalent replacements. At high inclusion levels, plant proteins do not produce the
same results as the fish meal they are substituting. Fish meal contains components not
present in plant protein sources that have a positive effect on fish growth. These
components include certain low molecular weight compounds (Kousoulaki et al., 2009;
Aksnes et al., 2006a,b,c), nucleotides (Li and Gatlin, 2006; Burrells et al., 2001a,b),
taurine (Lunger et al., 2007; Gaylord et al., 2006), cholesterol (Gémez-Requeni et al.,
2004; Kaushik et al., 1995) and essential fatty acids (Steffens, 1997). Aquafeeds
containing high levels of plant proteins as a fish meal replacement may be deficient in
these compounds, which adds a level of difficulty to interpreting the results of studies
involving the replacement of fish meal with plant proteins.

SBM is a highly researched feed ingredient for salmonids, as is CM. PM, PPC,
SPC and CPC have been studied to a lesser extent and further studies on these feed
ingredient would benefit this field of research. Plant breeding programs have altered these
ingredients over time. These plants may possess a number of different qualities that make
them more cold-, drought- and pest-tolerant, have improved yields and have a chemical
profile that drastically differs from their original nutrient and antinutrient composition.
These differences in ingredient composition could have altered their effect on fish
performance compared to research that was conducted a quarter of a century ago. Batch
variations also exist, depending on crop varieties and growing conditions. There is also
great deal of variation in protein concentrate production, thus its chemical composition,

particularly for CPC. For example, early studies were conducted by McCurdy and March
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(1992), where fibre and phytic acid was removed from CM. However, these studies are
not comparable with more recent research, as the canola/rapeseed varieties used at this
time were much higher in glucosinolate and euricic acid levels. These differences in feed
ingredient composition may be responsible for differences in study results when utilized
in salmonid feeds.

The information presented in this thesis provides an expansion of the available
information on ingredient and ANF effects on rainbow trout growth and feed intake.
Although past research has examined the nutritional consequences of including plant
proteins in salmonid diets, differences in study design deter direct comparisons between
studies presented in the literature. In many papers, ingredient and dietary chemical
composition (both nutrient and antinutrient) is not reported. In any nutritional experiment,
the choice of dietary control will have a major impact on the study results and nutritional
balance of control and test diets should be given careful consideration. Many studies also
fail to provide information on fish meal quality, which is problematic, as it can play a
strong role in the outcome of these studies. In plant protein replacement studies, the
quality of the fish meal being replaced can affect SGR, thus the interpretation of study
results (Mundheim et al., 2004). Brown fish meal, in particular, is a poor quality fish
meal source. Oliva-Teles et al. (1994) found replacing brown fish meal with SBM led to
improved nutrient digestibility and growth in rainbow trout. In growth studies, a poorly
balanced control diet, whether it is due to inadequate protein and amino acid quality,
vitamin and mineral composition, protein to energy balance or any other deviation from a
properly balanced diet may lead to misinterpretation of experimental results. Unless the

goal of a growth experiment is to determine the effect of feeding different levels of
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nutrients, digestible nutrient levels must be maintained across treatments. If not, a study
involving a test ingredient may inadvertently become a study on the effects of nutrient
deficiency, rather than ingredient effects.

Because of differences in experimental parameters and design, nutritional studies
examining plant proteins as feed ingredients for salmonid diets are somewhat limited in
the level to which direct numerical comparisons can be made among trials. By compiling
a composite data set of all available growth data for salmonids fed plant proteins and
performing a subsequent meta-analysis of this data, it was possible to compare the
information presented by different studies for PM, PPC, SBM, SPC, CM and CPC and
determine the effect of the inclusion level of these plant proteins on growth in rainbow
trout and Atlantic salmon. By using CD, the SGR of fish fed control diets and diets
containing plant protein were compared and this information was used to create
regression models to illustrate the effect of the inclusion level of each plant protein on
salmonid growth. SGR was chosen as the representative growth indicator for these fish,
due to availability of data. Meta-analysis based on ANF composition was not possible as
not enough information was available.

In the meta-analysis, an increase in the dietary inclusion level of soy and canola
products was associated with a decrease in salmonid SGR. Although it is generally
accepted that salmonid growth performance is improved when protein concentrates are
fed rather than plant meals, the significantly negative effects on SGR exhibited by SPC
and CPC at high inclusion levels indicate that although they may be preferable to their
plant meal counterparts, these feed ingredients still cannot be considered suitable fish

meal replacements at high inclusion levels. Inclusion level of PM and PPC had no
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significant effect on SGR as a result of dietary inclusion levels, which may have been due
to lower levels of growth-impairing ANF in the pea products than in the other four plant
proteins. The maximum dietary inclusion levels for PM and PPC were 300 and 350 g/kg,
respectively. For further insight, it would be beneficial to explore these feed ingredients
at higher dietary inclusion levels, as the growth effects of the other plant proteins on
salmonids were tested at inclusion levels of 500 g/kg and higher.

Ingredients vary in their nutrient digestibility, thus availability (Burel et al., 2000;
Drew et al., 2007a, 2007b, 2005; @verland et al., 2009). This is dependent on their
nutrient and ANF composition and because of this, not all ingredients will behave equally
in an aquafeed. The digestibility trial was conducted to determine the digestible nutrient
content of all the ingredients that would be used in the following growth studies.
Digestibility values for the feed ingredients were within the range of similar feed
ingredients reported in the literature (Table 3.1.7) and canola, pea and soybean protein
concentrates had higher nutrient digestibilities than their respective meals (Mansfield et
al., 1010; Drew et al., 2007; Escaffre et al., 2007). Examination of these plant proteins for
nutrient composition and digestibility, as well as antinutrient composition improved the
precision with which further stages in this experiment could be planned.

Rather than formulating the diets used in the growth studies on a total nutrient
basis, the results determined in the digestibility study were used to formulate these diets
to ensure they all had the same digestible nutrient composition. This decision was
justified, as the results for the ingredients analyzed in Section 3.1 show these plant
proteins varied in their digestible nutrient composition, thus formulation on a total

nutrient basis would not have been suitable. As there are few macronutrient digestibility
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values published for PPC, CM and CPC in the literature, these digestibility experiments
will also contribute to the pool of available information.

In salmonids, ANF research has primarily focused on which ANF negatively
affect fish growth performance in cause and effect-type studies. What is lacking is a
numeric quantification of these effects. The purpose of the growth trials and ingredient
analyses conducted in this experiment was to develop a better understanding of the effect
of ANF on fish performance and to determine which ANF in these ingredients are most
likely to impair rainbow trout feed intake and growth. Using growth and feed intake data,
structural equation modeling was used to ascertain relationships between dietary ANF
composition with growth and feed intake of the rainbow trout fed these diets and identify
the magnitude of these interactions.

In the meta-analysis, many of the experiments were fish meal replacement studies
and involved control diets that contained higher levels of fish meal than the test diets did.
For the six growth trials performed in this study, the focus was not on fish meal
replacement, but on ingredient effects. To ensure the effects of increasing a specific
ingredient and its constituent ANF were being studied, not the effects of decreasing fish
meal, variations in fish meal inclusion between test diets within an experiment were kept
to a minimum. Rather than replacing fish meal, the experimental ingredients replaced
corn gluten meal and meat and bone meal, which have no markedly positive or negative
effects on fish growth (Alexis et al., 1985; Bureau et al., 2000; Hardy, 2000; Yu, 2004).
This provided a more stable environment to investigate ingredient and subsequent ANF

effects on rainbow trout feed intake and growth performance.
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For consistency, and to avoid possible consequences of using fish with varying
genetic backgrounds, which may affect feed conversion and growth, one lot of fish was
purchased prior to the commencement of the growth experiments, and used for all six
growth trials with rerandomization between experiments. It was logistically infeasible to
conduct all six growth experiments concurrently, due to the number of available tanks. In
fish, SGR decreases as body weight increases (Jobling, 1983a, b), which was observed in
this series of growth trials. Because of differences in initial weights, SGR and feed intake
of fish fed control diets in each trial, it is not possible to compare mean values between
experiments. However, within each experiment, all fish were the same age and had the
same average initial weight. Additionally, all six trials followed the same experimental
protocols with respect to experimental design, diet formulation and statistical
calculations. Because of the similarities between these experiments, the resulting
regression equations for the effect of each ingredient on rainbow trout growth and feed
intake are suitable for comparison with one another.

As the results of this growth trial were published at the time the meta-analysis was
performed, these results were included in the meta-analysis data sets. This information
was a subcomponent of a series of larger data sets and can still be considered
independent. Unlike the results found by the meta-analysis, the SPC and CPC growth
trials associated increased inclusion levels of these feed ingredients with a subsequent
decrease in SGR. There are studies showing SPC has positive (Vielma et al., 2000;
Mambrini et al., 1999) and negative (Brinker and Reiter, 2011; Barrows et al., 2007;
Stickney et al., 1996) effects on rainbow trout growth at inclusion levels above 300 g/kg.

These discrepancies in results could be due to differences in study design, controls, or
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ingredient composition. SPC production methods may have also varied, leading to
differences in nutrient and ANF content, which may explain conflicting results between
studies.

Growth trial results showed negative associations between SBM, CM and growth,
which has been seen in both feed ingredients from levels as low as 14 and 47 g/kg,
respectively (Brinker and Reiter, 2011; Alami- Durante et al., 2010; Torstensen et al.,
2008; Barrows et al., 2007; Drew et al., 2005; Refstie et al., 2005; De Francesco et al.,
2004; Lee et al., 2002; Burel et al., 2000; Satoh et al., 1998; Davies and Morris, 1997;
Rumsey et al., 1994; Hilton and Slinger, 1986) and no effect of PM and PPC on growth.
In the growth trial conducted for this experiment, feed intake increased with dietary
inclusion of PPC, which may warrant further studies on PPC as a feed attractant or
palatability enhancer.

To promote life, growth and development, animals do not require ingredients.
They require nutrients. These growth trials illustrated the importance of considering
additional feed components beyond the commonly considered macro- and micronutrients
when feeding plant-based feed ingredients to carnivorous fish. Provided the formulary
conditions presented in Section 3.2 are followed, rainbow trout ADFI, SGR, FCR and
PER for the same six plant proteins can be predicted using the resulting regression
equations. The negative regression (ADFI, SGR, FCR and PER) curves seen for SBM
and CM and not for SPC and CPC indicate additional factors beyond nutrients play a role
in the impact of these ingredients on growth and feed intake. Digestible nutrients and fish
meal levels (thus levels of fish meal-specific nutrients) were maintained across

treatments, yet for some plant proteins, growth and feed intake dropped as inclusion
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levels rose. This was due to additional dietary components that affect growth, more
specifically, ANF. Although dietary nutrient levels were maintained for all diets, while
ingredient inclusion levels increased, so did the dietary antinutrients: detrimental,
potentially toxic dietary components.

Based on the structural equation model, growth was affected by most ANF in this
model via feed intake. Saponins were the only ANF that independently affected growth
independently of feed intake. This indicates saponins impaired rainbow trout growth via
mechanisms beyond reducing the palatability of the diet, such as decreased nutrient
absorption due to gut damage. Previous research has associated feeding saponins to
salmonids with sub-acute intestinal enteritis in conjunction with a reduction in growth
(Serensen et al., 2011; Refstie et al., 2010; Knudsen et al., 2008; Bureau et al., 1998). The
reduced feed intake due to the saponins was likely a result of the bitter flavour, which has
been found previously (Bureau et al., 1998). In the best-fit model, isoflavones were not
identified as a significant factor affecting growth or feed intake. As isoflavones are high
in SBM, a highly studied plant protein, and are known to affect reproductive traits
(Gontier-Latonnelle et al., 2007; Ng et al., 2006; Bennetau-Pelissero et al., 2001) and
inflammatory signaling pathways (Dijsselbloem et al., 2004; Kim et al., 1998), it would
be worthwhile to use structural equation modeling to gain a deeper understanding of the
effects of this ANF.

PM and PPC starch levels were high, but the starch in these six feed ingredients
did not impair growth or feed intake. This may have been a result of the starch source.
Krogdahl et al. (2004) found starch reduces growth and feed intake in salmonids, but this

was using maize starch and effects were more pronounced in Atlantic salmon than in
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rainbow trout. Glencross et al. (2012) observed rainbow trout were able to digest
pregelatinized wheat starch, but no other dietary polysaccharides included in the diet.
Had these experiments been conducted in Atlantic salmon, the starch in these pea
products may have had a markedly different impact on growth.

Although insoluble NSP did not directly affect feed intake or growth, they did
have significant covariances with the other ANF in the model, suggesting interactions
with these ANF. NSP have been associated with increased viscosity and passage time of
intestinal contents, reduced feed intake and nutrient digestibility, and alterations of the
gastrointestinal tract, including changes in physiology, morphology and gut microflora
(Sinha et al., 2011; Owusu-Asiedu et al., 2006; Refstie et al., 1999; Thompson et al.,
1987). Amirkolaie et al. (2005) found feeding soluble NSP (guar gum) reduces feed
intake and growth, whereas insoluble NSP (cellulose) does not. Glencross et al. (2009)
found lupin insoluble NSP impaired nutrient digestibility, whereas soluble lupin NSP did
not. Glencross et al. (2012) later investigated the effect of particular polysaccharide
classes (cellulose, mannan, lignosulphonate and pectin) on rainbow trout digestibility,
these polysaccharides differed in their impact. Lignosulphonate, in particular had the
strongest effect, impairing dry matter, gross energy and crude protein digestibility. These
discrepancies in results indicate as research advances are made, further research into
particular classes of soluble and insoluble NSP would also be warranted.

Tannins can bind to proteins and amino acids, leading to a reduction in
digestibility (Mariscal-Landin et al., 2004; Francis et al., 2001), but this did not appear to
be the case in this experiment, as high tannin ingredients such as PPC and CM had

superior crude protein and amino acid digestibilities to their low tannin counterparts, PM
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or CPC, although these differences in digestibility were only significant for PM and PPC.
Any possibility that amino acid and protein digestibility would be negatively affected by
tannin content was prevented, due to the experimental diets being formulated based on
digestible nutrient values. This removed the possibility of impairing fish growth as a
result of nutrient deficiencies. However, in this study, tannins increased feed intake and
were the only feed component previously assumed to be an ANF that was actually a
positive feed component. At the time of this manuscript, there were no published studies
exploring the effect of tannins on the feed intake of salmonid fish, although tannins had
been found to increase the feed intake of pigs (Grosjean et al., 1991).

Without the use of phytase, protein concentrates are commonly higher in phytic
acid than their respective plant meals (Forster et al., 1999; Carnovale et al., 1988), which
was seen in this study. Phytic acid was directly associated with decreased feed intake, but
not growth. Studies have identified negative associations between inclusion of CPC in the
diet with rainbow trout growth (Forster et al., 1999; Stickney et al., 1996), but in these
studies, the CPC was not dephytinized. Thiessen et al. (2004) showed dephytinized CPC
(low glucosinolate, low euricic acid canola/rapeseed) could be fed to rainbow trout at
inclusion levels as high as 490 g/kg without affecting SGR, which is why this same form
of CPC was chosen for the growth experiments in this trial. In addition to binding
phosphorus and other minerals, phytic acid binds to soluble amino acids, which play a
role in rainbow trout olfaction and feeding behaviour (Atema, 1980; Carpio, 1984; Jones,
1990). Future studies could involve studying the effects of phytic acid on feed attractants
to verify this hypothesis. In the digestibility experiment, fish fed CPC had a higher

phosphorus ADC than those fed CM. Reduced growth in other studies may have been due
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to reduced phosphorus digestibility. Denstadli et al. (2006a) reported a reduction in
Atlantic salmon growth and feed intake as a result of dietary phytic acid. When Sajjadi
and Carter (2004) added phytase to the CM-based diets they fed to Atlantic salmon,
phosphorus digestibility also improved. This may have been because when bound as
phytic acid, phosphorus became a limiting nutrient, reducing growth. As the diets fed in
this experiment were formulated on a digestible nutrient basis, adding dicalcium
phosphate when necessary, this did not occur.

Glucosinolates are ANF that are activated during cell breakdown of cruciferous
crops, yielding bitter-flavoured end-products, such as thiocyanates and nitriles. They are
associated with reduced feed intake and growth in monogastric animals (Tripathi and
Mishra, 2007; Grub and Abel, 2006; Pereira et al., 2002; Burel et al., 2001; Johnson and
Reuber, 1994; Lo and Bell, 1972). In the best-fit model, glucosinolates directly reduced
feed intake, suggesting reduced growth due to glucosinolates is an indirect result of
reduced feed intake.

The plant ingredients used in aquafeeds cannot be direct fish meal replacements.
They differ in their nutritional profile, where these plant proteins lack some of the
nutrients possessed by fish meal. They also contain ANF, which are absent from fish
meal. Not all plant proteins will replicate the growth response of fish fed a strictly fish-
meal based diet if they contain ANF that inhibit feed intake or growth through another
mechanism, even if they have an identical digestible nutrient composition. Formulating
aquafeeds on a digestible nutrient basis is more effective than formulating on a total
nutrient basis, as it takes into account the ANF that impair nutrient availability. However,

depending on the ingredients included in the formulation process, there is no guarantee
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these diets will produce the same results as a traditional fish meal diet if these ingredients
contain ANF that impair fish performance via alternate mechanisms. As knowledge of
these feed ingredients and how they affect fish grows, researchers would do well to
include ANF in the diet formulation process.

In experiments where a specific ANF is to be tested by adding it to a synthetic or
fish meal diet, if possible, it is best to use purified ANF from that ingredient, rather than
obtain it from a source that contains a similar, yet not identical compound as is found in
the ingredient of interest. Saponins, for example, can vary from ingredient to ingredient
and if jatropha saponins were to be used as a representative for soy saponins, they may
elicit very different results. This study has raised questions as to how individual ANF
compounds behave and one issue that has been made apparent is that making
generalizations about ANF based on their classifications may not always be suitable. For
example, NSP include all polysaccharides with the exception of starches (Sinha et al.,
2011), yet these fibres differ in their structure and function.

Despite the multiple ANF studies conducted in salmonids, the magnitude of the
effects of specific ANF remains unknown. Plant proteins generally contain more than one
ANF, which can have the effect of impairing growth performance when included in
salmonid diets. Additionally, many ANF can have the same effect which adds a level of
complexity when plant proteins containing multiple ANF are fed. If a feed ingredient is
added as the ANF source, as was done in this study, or if the diet contains additional
ANF-containing ingredients, it is necessary to acknowledge that a complete cocktail of
ANF, all of which can affect performance is present in the diet. Structural equation

modeling can be used to determine the consequences of feeding an ANF. When including
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ANF-containing feed ingredients in a diet, knowledge of the ANF levels these ingredients
contain will enable calculation of the level these ANF will be in the diet. Knowledge of
the effect these ANF have on fish will also allow diet formulators to know dietary ANF
levels that can be included in the diet, thus maximum inclusion levels of ingredients
containing these ANF. It may be possible to include these plant proteins in aquafeeds,
combining several with complimentary ANF compositions to produce diets below ANF
thresholds.

This experiment highlighted the importance of standardizing reported data from
fish growth studies, specifically initial weight, final weight, rearing temperature, lighting
program and an indication of variation (SD or standard error of the mean) for these
values. Preferences may vary between researchers with regards to reporting of growth
parameters, such as the use of SGR vs TGC. Regardless of the calculation used, if this
information is reported, there is an increased potential for data to be compared among
studies. For all fish nutritional studies, it is also necessary to report nutritional
information, including diet formulation and the nutritional composition and processing
conditions of all experimental diets in addition to data indicating fish meal source (if it is
fed) and an indication of its composition and quality. Changes in experimental conditions
during an experiment should be noted and may raise a need for additional data. As an
example, if there is a change in diet mid-trial, the weights of the fish should be taken
prior to feeding the new diet. A certain degree of creative freedom is required for
performing scientific research, but it is possible for all researchers to follow the same

reporting standards without hampering their creativity. Without this data, it is not always
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possible to compare data presented in different manuscripts, which dilutes the amount of
information available for the advancement of research in this scientific field.

This research can be expanded in the future to develop feed formulation models.
Similar studies could be conducted using additional feed ingredients. With this same
dietary and ANF information, structural equation modeling can be used to quantify the
effects of ANF on nutrient digestibility, intestinal physiology, morphology and
microflora, and fish health and mortality. As new ingredients are added, the model could
also be expanded to include additional ANF present in these new ingredients. It could
also be developed for other fish species, such Atlantic salmon and Nile tilapia. Similar
studies could also be conducted using combinations of these plant proteins to ascertain
whether or not the ANF in these ingredients behave the same way when fed
simultaneously (if it is strictly an ANF effect) or if there are inter-ingredient interactions
and if a level of ANF from one ingredient would have the same effect as the same level
of one ANF from multiple ingredients. ANF are classified into specific categories, such
as tannins, NSP, saponins and isoflavones, but whether or not these ANF behave the
same, independent of the ingredient they are found in remains uncertain, although
evidence suggests they do not.

There are specific requirements that must be met by feed ingredients suitable for
inclusion in salmonid feeds. Although none can be direct fish meal replacements, it may
be possible to combine them with other feed ingredients to create a diet with an
appropriate level of available nutrients that promote fish health and growth, and do not
contain ANF at a level that will counteract the nutritive value of the feed. A greater

understanding of the nutritional needs of these fish and the effects specific ingredients
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have on them can also result in more efficient farming practices being employed in
aquaculture. The results presented in this manuscript are useful tools in expanding the
available information on these ingredients and ANF. They also shared a larger message.
For carnivorous fish species, in terms of fish meal replacement, not all plant proteins are

equal.
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8. CONCLUSIONS

If rainbow trout are to be fed plant-proteins in their diets, these plant-based feed
ingredients may first require processing to eliminate or deactivate performance-impairing
antinutritive components, so fish fed these diets will perform as well as fish fed a
standard fish meal diet. When increasing their dietary inclusion level from 0-300 g/kg in
nutritionally balanced diets, SBM and CM will elicit a drop in performance (ADFI, SGR,
FCR and PER), which does not occur for SPC or CPC (nor for PM and PPC). The
differing factors between these two plant meals and their protein concentrates are their
ANF content and composition. This indicates SBM and CM require further processing
and including these ingredients in rainbow trout diets requires nutritional considerations
beyond their digestible nutrient composition. Provided the nutritional and experimental
standards outlined in this experiment are followed, ADFI, SGR, FCR and PER of
rainbow trout can be predicted using the resulting equations from this experiment.

Dietary formulation on a digestible nutrient basis takes into account ANF that
affect nutrient digestibility. This prevents feeding nutrient-deficient diets, which impair
growth. This does not take into account ANF that have effects beyond impairing nutrient
digestibility, such as glucosinolates, saponins, phytates, which impair ADFI and in the
case of saponins, negatively affect SGR. Interactions between other dietary ANF also
require consideration, which may occur when combining more than one plant protein in
the diet. The structural equation model depicting the interplay between the ANF in the six
tested plant proteins and ADFI and SGR provides a nutritional tool, which can be

assessed in future experiments.
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Feeding plant proteins does not impair performance for all ingredients (or at all
inclusion levels). To replace fish meal with plant proteins in rainbow trout diets, the most
effective method will likely be to combine several plant proteins at low inclusion levels.
The performance, nutritional and antinutritional information for PM, PPC, SBM, SPC,
CM and CPC and the culminating structural equation model presented in this manuscript
can be used to assess which ingredients to include in rainbow trout diets and their specific

dietary inclusion levels and combinations.
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10. APPENDIX A — Additional growth performance and feed intake data from
Chapter 5.

10.1. Description

The growth and feed intake data in Chapter 5 is presented using a number of best-fit
regression curves. These regression equations provide useful tools for future ingredient
evaluation trials, although some researchers may prefer actual numerical values at
specific ingredient inclusion levels. Table 10.1.1. provides rainbow trout performance
data and hepatosomatic index (HSI) for fish fed SBM, PM, CM, SPC, PPC and CPC at
inclusion levels of 0, 75, 150, 225 and 300 g/kg and Table 10.1.2. provides linear and

quadratic regression equations for ADFI, SGR, FCR and PER.
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Table 10.1.1. Growth performance and feed intake of rainbow trout in SBM, PM,
CM, SPC, PPC and CPC growth trials.

0 g/kg 75 g/kg 150 g/kg 225 glkg 300 g/kg SEM
ADG (g / d)
SBM 3.2 3.7 48 34 2.0 0.41
PM 47 48 45 5.3 5.6 0.32
CM 5.9° 3.9%® 4.4 3.6% 2.9° 0.59
SPC 48 5.1 5.0 4.0 41 0.52
PPC 43 48 45 48 49 0.28
CPC 48 5.1 39 3.1 3.2 1.05
SGR (%/d)
SBM 0.55° 0.62° 0.67° 0.54° 0.322 0.039
PM 1.62 1.41 1.32 1.39 1.53 0.051
CM 0.73° 0.63%® 0.63%® 0.49% 0.482 0.038
SPC 0.74 0.72 0.71 0.55 0.60 0.034
PPC 1.25 1.35 1.34 1.34 1.33 0.019
CPC 0.52 0.56 0.54 0.34 0.34 0.055
ADFI (g / d)
SBM 4.2° 4.4° 5.7° 4.7%® 3.4° 0.31
PM 5.0 42 45 5.0 5.1 0.31
CM 6.1 42 49 5.5 5.2 0.45
SPC 5.6 6.6 5.9 5.2 5.1 0.67
PPC 47 45 5.0 5.3 5.4 0.30
CPC 8.9 8.6 9.7 8.2 8.5 0.30
FCR (g feed / g gain)
SBM 1.4 1.2 1.2 1.4 1.8 0.16
PM 11 0.9 1.0 1.0 0.9 0.08
CM 11 11 1.2 16 1.9 0.23
SPC 1.2 1.3 1.2 1.3 1.3 0.16
PPC 11 0.9 11 11 1.1 0.06
CPC 25 1.7 2.7 3.0 2.8 0.25
PER (g protein / g gain)
SBM 1.7 1.9 1.9 1.6 1.3 0.14
PM 2.2 2.6 2.2 24 2.5 0.17
CM 2.1 2.1 2.0 1.4 1.3 0.30
SPC 1.8 1.8 2.1 1.8 1.9 0.25
PPC 1.2 1.2 1.1 1.2 1.1 0.12
CPC 11 1.3 0.9 0.7 0.8 0.09
HSI (%)
SBM 1.0 0.9 1.0 1.0 1.0 0.05
PM 1.0 1.2 11 1.2 1.1 0.06
CM 1.0 1.0 0.8 0.9 1.0 0.06
SPC 11 1.0 1.0 11 0.9 0.08
PPC 1.2 1.2 1.4 1.2 1.1 0.07
CPC 0.9 0.9 0.7 0.9 0.8 0.05

® Means in the same row with different superscripts are significantly different (P < 0.05).
SEM=Pooled standard error of the mean.

ADG=Average daily gain.

SGR=Specific growth rate ([In final weight — In initial weight] / time (days) x 100).
ADFI=Average daily feed intake.

FCR=Feed conversion ratio (feed intake / wet weight gain).

PER=Protein efficiency ratio (wet weight gain / protein intake).

HSI=Hepatosomatic index ([wet liver weight / wet body weight] x 100).
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Table 10.1.2. Regression analysis (linear and quadratic) of growth performance of
rainbow trout in SBM, PM, CM, SPC, PPC and CPC growth trials.
Significant P - values are presented in bold script.

Inclusion? Inclusion Constant r P - values
ADFI (g / fish / d)
SBM Linear -0.016 4,739 0.039 0.482
Quadratic ~ -0.007 0.185 3.984 0.555 0.008
PM Linear 0.012 4,571 0.058 0.388
Quadratic 0.002 -0.058 4.836 0.222 0.222
CM Linear -0.008 5.277 0.008 0.745
Quadratic 0.004 -0.118 5.692 0.164 0.342
SPC Linear -0.032 6.176 0.100 0.251
Quadratic ~ -0.003 0.047 5.878 0.153 0.369
PPC Linear 0.027 4,544 0.291 0.038
Quadratic 0.001 0.004 4.632 0.309 0.108
CPC Linear -0.017 9.036 0.025 0.573
Quadratic ~ -0.002 0.036 8.837 0.047 0.750
SGR (% / d)
SBM Linear -0.007 0.643 0.255 0.055
Quadratic ~ -0.001 0.022 0.536 0.632 0.002
PM Linear -0.003 1.491 0.020 0.612
Quadratic 0.001 -0.035 1.614 0.309 0.109
CM Linear -0.088 0.720 0.405 0.011
Quadratic 2.833x10°° -0.009 0.723 0.405 0.044
SPC Linear -0.006 0.749 0.235 0.067
Quadratic 5.022x10°® -0.006 0.749 0.235 0.200
PPC Linear 0.003 1.283 0.183 0.112
Quadratic 0.000 0.009 1.258 0.265 0.158
CPC Linear -0.007 0.574 0.159 0.158
Quadratic 0.000 0.004 0.532 0.192 0.310
FCR (g feed / g gain)
SBM Linear 0.015 1.183 0.246 0.060
Quadratic 0.002 -0.037 1.378 0.514 0.013
PM Linear -0.004 1.024 0.090 0.278
Quadratic 9.632x10°° -0.007 1.034 0.095 0.551
CM Linear 0.029 0.929 0.450 0.006
Quadratic 0.001 -0.006 1.061 0.506 0.014
SPC Linear 0.003 1.210 0.019 0.628
Quadratic 0.000 0.009 1.188 0.025 0.860
PPC Linear 0.002 1.041 0.035 0.507
Quadratic 0.000 -0.005 1.065 0.076 0.623
CPC Linear 0.025 2171 0.090 0.298
Quadratic 0.001 0.005 2.244 0.095 0.579
PER (g protein / g gain)
SBM Linear -0.014 1.898 0.275 0.045
Quadratic ~ -0.001 0.030 1.732 0.512 0.013
PM Linear 0.006 2.271 0.057 0.393
Quadratic 8.012x10° 0.004 2.280 0.057 0.702
CM Linear -0.032 2.252 0.360 0.018
Quadratic ~ -0.001 -0.004 2.147 0.384 0.054
SPC Linear 0.001 1.858 0.000 0.950
Quadratic 0.000 0.014 1.809 0.000 0.931
PPC Linear -0.004 2.159 0.064 0.362
Quadratic 0.000 0.005 2.123 0.090 0.567
CPC Linear -0.013 1.148 0.187 0.123
Quadratic 6.011x10° -0.012 1.141 0.187 0.320

ADFI=Average daily feed intake.

SGR=Specific growth rate ([In final weight - In initial weight] / time (days) x 100).
FCR=Feed conversion ratio (feed intake / wet weight gain).
PER=Protein efficiency ratio (wet weight gain / protein intake).
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