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ABSTRACT          
 
 
 
THE EFFECT OF DIETARY NUCLEOTIDE SUPPLEMENTATION ON GROWTH AND 

FEED EFFICIENCY OF RAINBOW TROUT (ONCORHYNCHUS MYKISS) FED FISH 
MEAL-FREE AND ANIMAL PROTEIN-FREE DIETS 

 
 
 
Bing Liu                                                Advisor: 
University of Guelph, 2016                                                  D. P.  Bureau 
 
 
 
     Effects of dietary nucleotide supplementation on growth and feed efficiency in rainbow 

trout (initial weight = 25 g/fish) were conducted in a 70-day growth trial. One control diet and 

two basal diets (25%, 5% and 0% fish meal, respectively) were formulated using high levels of 

highly digestible plant protein ingredients to meet all the known nutrient requirements of 

rainbow trout. Two basal diets were supplemented with four increasing levels (0, 8, 16 and 24 

ppm, respectively) of nucleotides using a commercial supplement (Laltide®, Lallemand Inc. 

Qc, Canada). Nucleotide supplementation levels significantly (p<0.05) affected final body 

weight and feed efficiency in rainbow trout fed with the 5% fish meal diet. The results of this 

study suggest that dietary nucleotide supplementation may be beneficial to young rainbow 

trout fed with low fish meal and high levels of plant protein ingredients. The essentiality of 

nucleotides to young rainbow trout deserves to be further examined. 
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CHAPTER 1- GENERAL INTRODUCTION 

Nucleotides are important metabolites that are involved in almost all cellular processes and 

play major roles in structural, metabolic, energetic and regulatory functions (Rudolph 1994). The 

physiological functions of these compounds include encoding and deciphering genetic 

information, mediating energy metabolism and cell signaling as well as serving as components of 

co-enzymes, allosteric effectors and cellular agonists (Carver and Walker, 1995).  

Studies have indicated that dietary nucleotide supplementation had positive effect on 

various physiological functions in many species, especially during early life stages (Gil, 2002). It 

has been hypothesized that during periods of rapid growth or high metabolism, some tissues such 

as immune cells and gastrointestinal cells may have high demands for nucleotides. There are 

three ways that an animal can obtain the NT: de novo synthesis, the salvage pathway, and 

through the diet (Quan et al., 1990). The de novo synthesis and salvage pathways provide 

insufficient amounts of nucleotides for the needs of these tissues, which are only partially able to 

produce nucleotides or unable to produce them at all (Holen & Jonssona, 2004; Peng et al., 

2013).  

Research with various animals has shown that dietary nucleotides can enhance the 

proliferation of epithelial cells of the gastrointestinal tract (Sanderson & He, 1994), improve 

immune responses (Carver 1994), reduce hepatic lipid accumulation (Carver 1994) and 

beneficially modify intestinal microflora (Uauy 1990). Evidence also suggests that the dietary 

supply of nucleotides may optimize the function of rapidly dividing tissues (Carver 1994).  

 Experimental evidence suggests substantial advantages of dietary nucleotides in different 

aquatic species, including turbot (Low et al., 2003; Peng et al., 2013), red drum (Li et al 2007a; 

Cheng et al., 2011), Coho salmon (Burrells et al., 2001a), Atlantic salmon (Burrells et al., 
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2001b), rainbow trout (Adamek et al., 1996, Burrells et al., 2001a; Tahmasebi-Kohyani et al., 

2011; Mohebbi et al., 2013), common carp (Sakai et al., 2001), grouper (Lin et al., 2009), tilapia 

(Ramadan et al., 1991; Ramadan et al., 1994), hybrid striped bass (Li et al, 2004), puffer fish 

(Kiyohara et al., 1975), American lobster (Mackie, 1973), Pacific white shrimp (Li et al., 2007b) 

and black tiger shrimp (Huu et al., 2012). 

Feed for most aquaculture species were in the past formulated with high levels of fish 

meal. However, growth of the demand for aquaculture feeds and the limited supply and high 

price of fish meal has led aquaculture feed manufacturers to progressively decrease the level of 

fish meal in feeds and increase their reliance on more economical plant protein ingredients. 

Studies have shown that good growth and feed efficiency can be achieved with feeds based 

primarily on plant ingredients. However, performance of fish generally drops significantly with 

complete replacement of fish meal by plant ingredients, especially in young, fast-growing, 

animals, even if all known nutrient requirements appear to have been met. Fish meal is an 

excellent source of digestible essential amino acids, vitamins, minerals as well as of a wide 

variety of compounds, including nucleotides (Zinn et al., 2009; Watanabe et al., 1997). In some 

markets, processed animal proteins (PAPs) have filled in void left by decreasing fish meal levels 

in aquaculture feeds. However, feed safety regulations and consumer concerns and demands are 

preventing the use of PAPs in some markets.  Most PAPs are also excellent sources of amino 

acids, minerals and various compounds, including nucleotides. Conversely, plant protein 

ingredients are significantly poorer sources of nucleotides. In this context, the level of 

nucleotides in aquaculture feeds has likely decreased significantly and may, in part, explain the 

lower performance of fish fed diets with very high levels of plant protein ingredients. It can be 



 3 

thus hypothesized that nucleotides could potentially be beneficial essential nutrients for young 

fast growing fish. 

This thesis examines the effect of dietary nucleotide supplementation on growth 

performance of young rainbow trout fed plant-based diets with no or only very low levels of fish 

meal. 

Objective 

The objective of this thesis was to investigate the effects of dietary nucleotides 

(nucleosides) on growth and the efficiency of feed, protein and energy utilization in rainbow 

trout fed plant-based diets containing very low levels of fish meal or no fish meal.  
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CHAPTER 2 - LITERATURE REVIEW 

2.1 Nucleotides: Structure 

Nucleotides (NT) are low molecular weight molecules consisting of a nitrogenous base, a 

pentose sugar, and one to three phosphate groups (Cosgrove, 1998) (Figure 2.1). The 

nucleobases are classified as either purines including adenine (A), and guanine (G), or 

pyrimidines including cytosine (C), thymine (T), and uracil (U). Pentose sugars include ribose 

and deoxyribose. A purine or pyrimidine base attaches a pentose sugar to constitute a nucleoside 

(NS), while a phosphate ester of NS is a NT (Carver &Walker, 1995; Li & Gatlin, 2006). NT are 

the building blocks for DNA and RNA synthesis. 
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Figure 2.1. Nucleotide structure. 
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2.2 The Functions of NT 

NT can either participate in reactions or synthesize other molecules. Purine and pyrimidine 

NT generally have five types of functions. These functions of NT are as: 1. structure units; 2. 

energy storage; 3. parts of coenzymes; 4. intermediates in some biosynthetic pathways; 5. part of 

intracellular signalling molecules (Henderson & Paterson, 1973). 

From the genetic perspective, the key roles of NT are the activated precursors of nucleic 

acids. These precursors are connected to each other with a phosphodiester bond between the 3’ 

carbon of one and the 5’ carbon of the next. The pentose sugars contain five atoms of carbon, 

which can be numbered from 1’ through 5’, and are attached to a nitrogenous base at the 1’ 

carbon position. A phosphate group is attached with the 3’ carbon of the one and 5’carbon of the 

next, where the phosphodiester bond is formed. Thus, nucleic acids, are formed when NT are 

joined as phosphodiester bonds. As a result, an RNA or DNA strand will have a 3’-hydroxyl end 

and a 5’-phosphate or triphosphate end (Guttman, 2013).  

NT, nucleoside diphosphates and triphosphates, are the main energy carriers in cells 

(Guttman, 2013). Adenosine triphosphate (ATP) takes part in many endergonic metabolic 

reactions of animals and plants as an energy source, and experiences change in formation, 

consumption and recycling (Wischke et al, 2014). In most reactions, ATP transfers one or two 

terminal phosphate group(s) or phosphoryl group(s) to some other molecule, leaving behind a 

nucleoside diphosphate (ADP) or a nucleoside monophosphate (AMP) (Guttman, 2013). Some 

reactions are shown below: 
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NT can also be components of co-enzymes. For example, adenosine along with cysteine 

and pantothenate are the precursors of coenzyme A (CoA). Two other important coenzymes, 

nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD), are also 

synthesized by adenine NT (Cosgrove, 1998; Pesnot et al, 2011; Deluca & Kaplan, 1958). 

NT derivatives are integral participants in many biochemical processes in addition to 

intercellular base units (Cosgrove, 1998). For example, UDP-glucose participates in the 

biosynthesis of glucose (Cosgrove, 1998). During glycogenesis, UDP-glucose is formed from 

glucose-1-phosphate with the help of the enzyme UDP-glucose phosphorylase; and the UTP is 

converted into PPi. Phosphoglucomutase and UDP-glucose pyrophosphorylase drive the 

biosynthesis of nucleotide sugar precursors. These precursors are involved in the biosynthesis of 

polysaccharides (Ji et al., 2015). 

The last key role of NT is that they can act as signaling molecules. For example, in the 

autocrine purinergic signaling systems, pannexin 1 channels can release ATP from cells to drive 

the autocrine activation of P2 receptors (Chekeni et al., 2010; Junger, 2011; Idzko et al., 2014). 
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Also, the extracellular release of NT is associated with inflammatory disease conditions 

(Eltzching et al., 2006; Faigle et al., 2008; Lazarowski, 2012). 

2.3 Biosynthesis of purine NT 

There are two major pathways for synthesis of purine NT: the de novo pathway and the 

salvage pathway. These two pathways for NT synthesis are mostly controlled by the liver 

(Carver & Walker, 1995; Cosgrove, 1998; Grimble & Westwood, 2000; Fustin et al, 2012). 

Biosynthesis of purine NT by the de novo pathway occurs within the cytosol of mammalian cells 

from some precursors and small molecules, such as 5-phosphoribosyl-1-pyrophosphate (PRPP), 

THF derivatives, CO2, glutamine, glycine, aspartate and formate (Cosgrove, 1998; Zrenner et al., 

2006; Li & Gatlin, 2006). Purine bases and purine nucleosides participate in the salvage 

pathways for the synthesis of NT. The de novo pathway is more complicated and consumes more 

energy than the salvage pathway (Cosgrove, 1998; Li & Gatlin, 2006).  

Synthesis of inosine monophosphate (IMP) de novo starts with PRPP. Enzymes, ATP, 

glutamine, glycine, THF derivatives and aspartate are utilized during the biosynthesis of IMP. 

IMP can be converted into either AMP or GMP; the conversion of IMP to AMP needs to be 

catalyzed by GTP, while ATP catalyzes the conversion of IMP to GMP. Thus, IMP represents a 

branch point for purine biosynthesis (Henderson & Paterson, 1973; Zrenner et al., 2006). The 10 

enzymatic reactions of the purine biosynthesis de novo pathway are summarized in Figure 2.2 

and Table 2.1. 

In the purine biosynthesis de novo pathway, the major rate-limiting steps happen at the 

activation of ribose-5-phosphate and the first step of the pathway. Ribose-5-phosphate, along 

with the PRPP synthetase and ATP are required to generate the activated sugar, PRPP 

(Henderson & Paterson, 1973). This activation is feedback-inhibited by purine-5’-nucleotides, 
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especially AMP and GMP (King, 2016). Also, glutamine, glycine and aspartate can be rate-

limiting factors for purine synthesis in some cells (Henderson & Paterson, 1973). Additionally, 

the biosynthesis of purine de novo is controlled by the conversion of IMP to AMP and GMP; 

ATP and GTP inhibit some enzymes during the biosynthesis of purines de novo (Zrenner et al., 

2006).  

 

 
Figure 2.2. The de novo synthesis of purines (Henderson & Paterson,1973; King, 2016) 
Abbreviations in figure 2.2: PRPP: 5-phosphoribosyl-1-pyrophosphate; PRA: 5-phosphoribosylamine; PPi: 
pyrophosphate; GAR: glycinamide ribonucleotide; 10F-THF:10-formyl tetrahydrofolate; FGAR: formylglycinamide 
ribonucleotide; FGAM: formylglycinamidine ribonucleotide; AIR: 5-aminoimidazoleribonucleotide; CAIR: 4-
carboxy aminoimidazole ribonucleotide; SAICAR: N-succinyl-5-aminoimidazole-4-carboxamide ribonucleotide; 
AICAR: 5-aminoimidazole-4-carboxamide ribonucleotide; FAICAR: 5-formaminoimidazole-4-carboxamide 
ribonucleotide; IMP: inosine monophosphate. 
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The catabolism and the salvage pathway of purine NT is summarized in Figure 2.3. Free 

bases and nucleosides are from the degradation/catabolism of NT, and then are recycled by the 

salvage reaction (Zrenner et al., 2006). Catabolism of the purine nucleotides in animal and other 

higher primates leads to the final production of uric acid, which is insoluble and is excreted as 

the main source of nitrogen waste (Zrenner et al., 2006).  

 
Figure 2.3. Catabolism and the salvage pathway of purine NT (Henderson & Paterson,1973; 
King, 2016) 
Abbrevations in figure 2.3: APRT: adenine phosphoribosyl transferase; HGPRT: hypoxanthineguanine 
phosphoribosyl transferase; ADA: adenosine deaminase; PNP: purine nucleotide phosphorylases 
 
 
 
 
 
 
 
Table 2.1. Types of reactions in the purine biosynthesis de novo pathway ((Henderson & 
Paterson, 1973) 
Number Reaction Bond formed or 

broken 

Reversible ATP 

required 
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1 Phosphoribosyl pyrophosphate 

amidotransferase 

Carbon-nitrogen No No 

2 Phosphoribosyl glycineamide 

synthetase 

Carbon-nitrogen Yes Yes 

3 Phosphoribosyl glycineamide 

formyltransferase 

Carbon-nitrogen No No 

4 Phosphoribosyl 

formylglycineamidine synthetase 

Carbon-nitrogen No Yea 

5 Phosphoribosyl aminoimidazole 

synthetase 

Carbon-nitrogen No Yes 

6 Phosphoribosyl aminoimidazole 

carboxylase 

Carbon-nitrogen Yes No 

7 Phosphoribosyl aminoimidazole 

succinocarboxamide synthetase 

Carbon-nitrogen Yes Yes 

8 Adenylosuccinate lyase Carbon-nitrogen Yes No 

9 Phosphoribosyl aminoimidazole 

carboxamide formyltransferase 

Carbon-nitrogen Yes No 

10 IMP cyclohydrolase Carbon-nitrogen Yes No 
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2.4 Pathways of pyrimidine NT biosynthesis 

The biosynthesis of pyrimidine NT can also occur either by the de novo pathway or by the 

salvage pathway (Carver & Walker, 1995; Cosgrove, 1998; Grimble & Westwood, 2000; Fustin 

et al, 2012). However, the synthesis of pyrimidine NT is easier than that of purine NT because 

the pyrimidine base is simpler. Pyrimidine NT synthesis differs in two significant aspects from 

that of purine NT. Firstly, the ring structure is not assembled on PRPP, but built as a free base. 

Secondly, there is no branch in the pyrimidine synthesis pathway. The salvage pathway of 

pyrimidine NT has not been included as an illustration because it is less significant than that of 

purine bases due to the solubility of the byproducts of pyrimidine catabolism.  

Within the de novo pathway, pyrimidine NT are synthesized from glutamine, aspartate, and 

CO2 to form UMP in the cytosol and the mitochondria of mammalian cells (Li & Gatlin, 2006). 

There are six steps in this pathway as diagrammed in the Figure 2.4.  
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Figure 2.4. The de novo pathway of pyrimidine biosynthesis (Henderson & Paterson,1973; King, 
2016) 
Abbreviations in figure 2.4: CAD: CPS-II activity; CA: carbamoylaspartate; DHO: dihydroorotate; OMP: orotidine 
5 -monophosphate; UMP: uridine-5-monophosphate 

 

Carbamoyl phosphate (CP) joins the pyrimidine biosynthetic pathway with the help of 

aspartate transcarbamoylase (ATCase) and aspartate to form CA; CP is a precursor for arginine 

biosynthesis as well (Zrenner et al., 2006). Then, the enzyme dihydroorotase (DHOase) catalyzes 

the conversion of CA to produce DHO, which is oxidized by dihydroorotate dehydrogenase 

(DHODH) to form orotate. Orotate is condensed with PRPP to form OMP (Zrenner et al., 2006), 

which is decarboxylated by orotidylate decarboxylase (ODCase) to generate UMP.  
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2.5 Nucleotides in Nutrition 

NT are present as free NT and nucleic acids in various natural foods, for example, organ 

meats, seafood and dried legumes contain purines and RNA (Clifford & Story, 1976). 

Unfortunately, there are few publications describing the NT content of different foods, but any 

biomass of plant, microbial or animal is generally made up of cellular material and should thus 

contain nucleotides. High concentrations of NT are found in high cell density foods and 

metabolically active tissues. As a result, animal based foods contain more NT than plant based 

foods.  

In aquaculture feed ingredients, certain animal by-products contain high NT 

concentrations, such as poultry by-product (360-950 ppm) (Nates, 2013). In contrast, oils, 

oilseeds and grains contain low levels of nitrogenous bases. Levels have been observed to be 

well below 5 mg/g (Devresse, 2000). Purine and pyrimidine base content of some aquaculture 

feed ingredients is shown in Table 2.2.  
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Table 2.2 Purine and pyrimidine base content of some aquafeed ingredients (%) (Devresse, 2000) 
Ingredient Adenine Guanine Cytosine Thymine Uracil Total 

bases 
Complete fish meal 0.2 0.9 0.1 0.1 0.1 1.4 
Fish solubles 0.2 2.3 0.1 0.1 0.1 2.8 
Yeast 0.3 0.3 0.2 0.0 0.2 0.9 
Yeast extract 0.7 0.6 0.1 0.0 0.7 2.3 
Single cell protein 0.2 0.9 0.1 0.4 0.6 2.1 

 

 

 
Figure 2.4 Digestion and absorption of dietary nucleotides (Hess & Greenberg, 2012). 
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In the diet, nucleotides are mostly consumed along with protein bound as nucleoproteins 

(Carver, 1995). Digestion takes place in the small intestine as protease and nuclease enzymes 

break the nucleoproteins and then nucleotides are degraded into nucleosides; Furthermore, 

nucleosides can be degraded by nucleosidases to purines and pyrimidines (Figure 2.4), 

nucleoside if the preferred form being absorbed into the cells of the gut (Bronk & Hastewell, 

1987; Sanderson & He, 1994; Li & Gatlin, 2006; Hess & Greenberg, 2012). Rumsey et al. 

(1992) reported that rainbow trout fed increasing levels of yeast nucleic acid extracts presented 

significant increasing in their growth and nitrogen retention, but research on digestibility and 

bioavailability of nucleic acids in natural aquaculture feed sources is limited. 

In aquatic animals, dietary NT have long been implicated as feed attractants in both 

vertebrate and invertebrate species (Carr and Thompson, 1983; Carr et al., 1984). For example, 

early research showed that the puffer fish have chemoreceptors on their lips that can respond to 

AMP, IMP, UMP and ADP through electrophysiological changes (Kiyohara et al.,1975). Kubitza 

et al. (1997) reported that dietary IMP (2.8 g/kg) inclusion enhanced feed intake of largemouth 

bass by 46%, compared to non-supplemented soybean meal-based diet. Also, inosine and IMP 

have been found to be potent gustatory feeding stimulants and chemo-attractive substance for 

turbot and American lobster (Mackie, 1973; Mackie and Adron, 1978).  

Research into potential growth and health benefits of dietary NT in aquaculture species did 

not begin until Burells et al. (2011a, b) reported that dietary supplementation of NT enhanced 

resistance of salmonids to viral, bacterial and parasitic infections as well as improved efficacy of 

vaccination and osmoregulation capacity of the animals. A summary of studies that focused on 

the effect of dietary NT in a variety of fish species is provided in Table 2.3. 
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Table 2.3 Summary of studies examining the effects of dietary NT in fish 
Species  Outcomes  References  

Atlantic salmon Growth+ Antibody titer+ mortality- 

plasma chloride- intestinal fold+ 

Burrells et al., 2001b; 

Rainbow trout Growth+ survival after challenge 

with specific bacterium and virus+ 

lipid peroxidation- 

Burrells et al., 2001a; 

Tahmasebi-Kohyani et al., 

2011;  

Mohebbi et al., 2013;  

Common carp Phagocytosis+  respiratory 

burst+complement+ lysozyme+ 

A.hydrophila infection- 

Sakai et al., 2001; 

Red drum Intestinal fold+ Weight gain+ feed 

efficiency+ during first week 

Li et al., 2007; 

Cheng et al., 2011 

 

Turbot  Altered immunogene expression in 

many tissues; enterocyte height+ 

Low et al., 2003;  

Peng et al., 2013; 

Tilapia Feed intake + (at 0.1% NT 

supplementation) H2O2 + (0.05% NT 

supplementation) 

Barros et al., 2015 

Sole Plasma cortisol+ glucose levels+  Palermo et al., 2013 

Grouper  Weight gain+  Lin et al., 2009 

Symbols + and - represent increase and decrease, respectively, in the specified response 

 

 

 

 

 



 18 

Traditionally, NT have been deemed to be non-essential nutrients because the synthesis of 

NT through the salvage or the de novo pathways is adequate to meet the metabolic needs of 

animals (Carver & Walker, 1995; Li and Gatlin III, 2006). The absence of NT from human and 

animal diet does not cause a classic clinical deficiency syndrome. However, evidence is 

mounting that endogenous supply, either de novo or salvage synthesis, may be inadequate for 

normal function of certain tissues under certain conditions (Carver & Walker, 1995; Van Buren & 

Rudolph, 1997). Dietary NT may be highly beneficial and may be considered semi- and/or 

conditionally essential nutrients, particularly during periods of rapid cell replication (Carver & 

Walker, 1995; Van Buren & Rudolph, 1997; Li and Gatlin 2006; Welker et al. 2011).  

Dietary NT may help in provision of physiologically required levels of NT owing to 

limited synthetic capacity of certain tissues (e.g. intestinal mucosa, haematopoietic cells, 

lymphocytes and the brain), the high cost for de novo synthesis, immune-endocrine interactions 

and modulation of gene expression patterns (Saikai et al. 2001; Low et al. 2003). Various studies 

have suggested that dietary NT deficiency may lead damage into important tissues such as liver, 

heart and intestine, and may also affect the functionality of immune cells (Grimble and 

Westwood, 2000). 

 

2.6 Effects of dietary NT 

Studies indicated that growth and feed utilization of juvenile Atlantic salmon (initial body 

weight: 35 g and 43 g), juvenile red drum (10 g), juvenile grouper (6 g and 10 g), post-larvae 

Pacific white shrimp (1 g) and juvenile black tiger shrimp (6 g and 6 g) benefitted from dietary 

NT supplementation (Burell et al. 2001b; Li et al. 2007a, b; Lin et al. 2009; Huu et al., 2012). 

Experimental evidence from several studies suggest that dietary NT can exert positive effects on 
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the gastrointestinal tract, growth performance, immune response and liver function of different 

species (Li & Gatlin, 2006; Sauer et al, 2011; Peng et al., 2013). 

  In the majority of studies, commercial NT products have been supplemented in fish 

diets. These products are derived from yeast and contain other components such as 

polysaccharides and trace elements (Lin et al., 2009), which are also known to provide 

immunostimulation in fish (Sakai, 1999). Only a handful of studies have evaluated the effects of 

purified nucleotide mixtures added to diets, such as those on red drum (Li et al., 2007a) and 

Pacific white shrimp (Li et al., 2007b). 

 

2.6.1 The effect of dietary NT on gastrointestinal tract 

Dietary NT play an important role in the development of proper functions in the 

gastrointestinal (GI) tract of different species. For example, the intestine of Atlantic salmon fed a 

diet with a commercial NT supplement (“Optimun” 0.03% of the total feed) had a significantly 

greater mean fold height of the proximal, mid and distal intestine than that of fish fed the control 

diet, which may have led to a greater gut surface area (Burrells et al., 2001b). Similar results 

were found in turbot (Peng et al., 2013) and red drum (Cheng et al., 2011) where researchers 

observed that the intestinal morphology, including distal intestine fold height, enterocyte height 

and microvillus height of fish fed a NT-supplemented diet (0.1% nucleotide premix (Sigma 

Aldrich) in turbot; 0.5% nucleotide product (Canadian Bio-Systems Inc.) in red drum) was 

significantly improved compared to those of fish fed control diets. In studies with rats and 

piglets, dietary NT can also influence intestinal morphology including higher mitosis and lower 

apoptosis rates (Sauer et al., 2011). 
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Dietary NT also has a potential role in influencing the gastro-intestinal flora. Sauer et al., 

(2010) observed that dietary NT had the ability to modulate the composition of the 

gastrointestinal microbiota, after weaning in piglets exposed to stressors (Andrés-Elias et al., 

2007; Moore et al., 2011). The authors suggested that dietary NT could have the potential to be 

used as alternatives to antimicrobial growth promoters in piglets. 

 

2.6.2 The effect of dietary NT on growth performance 

Dietary NT have effects on growth performance for some species; notably in the early 

growth period, such as in Atlantic salmon (Burrells et al., 2001a,b), tilapia (Ramadan et al., 

1994), rainbow trout (Tahmasebi-Kohyani et al., 2011; Mohebbi et al., 2013), grouper (Lin et al., 

2009), Pacific white shrimp (Li et al., 2007b), weanling pigs (Li et al., 2015) and rats (Xu et al., 

2013).  

During early growth stages, de novo synthesis might be insufficient to support rapid cell 

replication, so dietary NT could reduce the high demand for NT synthesis (Li & Gatlin, 2006). 

This positive effect on growth performance might also be related to the amount of feed 

consumed by animals since NT may have feed attractant properties. For example, IMP 

supplementation (2.8%) has increased feed intake of largemouth bass (Micropterus salmoides) 

significantly (Kubitza et al., 1997). However, some experiments showed that the positive effects 

of dietary NT were not related to the feed attractant properties of these compounds since similar 

quantities of the diet consumed across treatments (Carver, 1994). 
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2.6.3 The effect of dietary NT on immune function 

The maintenance of normal immune function may require dietary NT (Carver et al., 1990). 

Studies with terrestrial animals have indicated that NT can influence phagocyte activity (Gil, 

2002), interleukin-2 production (Van et al., 1985) and natural killer cell activity (Carver et al., 

1990). Also, dietary NT can also affect lymphocyte activity and immunoglobulin production 

(Leonardi et al., 2003; Li & Gatlin, 2006).  

Dietary NT have a positive effect on resisting infection, and are conducive to the 

immunoglobulin response in early life (Gil, 2002). Enhancing resistance to infection is the 

evidence that NT can affect immune function. For example, groups of mice fed NT-

supplemented diets showed less mortality after being challenged with the infection of 

Staphylococcus aureus and Candida albicans compared to the groups of mice fed non-NT diets 

(Kulkarni et al., 1986a,b; Carver, 1994). Also, the number of Aeromonas hydrophila was 

reported to be significantly lower in liver, kidney and blood after an intraperitoneal injection 

challenge in the fish fed a NT supplemented diet (Sakai et al., 2001). This may be because of the 

increased phagocytic activity of murine peritoneal macrophages (Kulkarni et al., 1986a), the 

enhanced T-cell dependent antibody production (Jyonouchi, 1994), the increased interleukin-2 

(IL-2) production (Carver, 1994) and the intensive bone marrow cell and peripheral neutrophil 

number (Matsumoto et al., 1995). The exogenous supply of a nucleoside-nucleotide mixture 

might be necessary to enhance the proliferation of some host defense cells, such as bone marrow 

cells and peripheral blood neutrophils, after induction of sepsis (Matsumoto et al., 1995).  

Li et al. (2005) reported that dietary inclusion of 0.2% NT (Optimun) did not exert any 

significant impact on growth, stress tolerance (assessed by plasma cortisol following 

confinement) and in situ challenge by co-habitation with A. ocellatum in juvenile red drum. Li et 
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al. (2007a) also investigated the possible effect of purified mixtures of NT in juvenile red drum, 

and a transient growth enhancing effect was found in the first week, and then it disappeared. 

However, dietary supplementation of 0.5 or 1% NT (Ascogen) was effective in enhancing 

immune function  as assessed by superoxide anion production of head kidney macrophages and 

intestine fold and microvillus height in the same fish species (Cheng et al. 2011).   

Burrells et al. (2001a) observed that dietary NT (0.03%, Optimun) inclusion improved 

survival rates of rainbow trout challenged with V. anguillarum and with the infectious salmon 

anaemia virus. Dietary NT (Optimun) reduced plasma cortisol release, and increased number of 

B lymphocytes and resistance to challenge with infectious pancreatic necrosis virus (Leonardi et 

al. 2003). Recently, Tahmasebi-Kohyani et al. (2011, 2012) found that dietary 0.15-0.2% NT 

supplementation promoted growth, immune function (ACH50 level, lysozyme activity and IgM 

level), handling and crowding stress tolerance (plasma cortisol, glucose and ion concentration) 

and resistance (survival) of fingerling rainbow trout to S. iniae. 

Although dietary supplement of 0.2% NT (Aquagen) didn’t improve the growth of red-tail 

black shark (Epalzeorhynchos bicolor), its inclusion enhanced the resistance (survival) to S. iniae 

infection in vaccinated and unvaccinated fish (Russo et al., 2006). Similarly, 0.4% yeast RNA 

inclusion in purified diets improved blood innate immune capacity (leucocyte count, respiratory 

burst activity, total protein, globulin and A/G ratio) and the relative percent survival after 

challenge with Aeromonas hydrophila in rohu (Labeo rohita) juveniles (Choudhury et al. 2005). 

Haemato-immunological response and resistance of Catla catla juveniles to A. hydrophila also 

increased when 0.8% yeast RNA was added to the purified diets (Jha et al. 2007). 

Dietary NT inclusion of (0.2 or 0.5%) exerted positive impact on the innate immunity of 

Pacific White Shrimp, Litopenaeus vannamei (Murthy et al. 2009). Huu et al. (2012) 
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investigated the NT supplementation (0.44% and 0.56%) of a semi-purified diet could obtain 

optimal growth rate of juvenile black tiger shrimp (Penaeus monodon) at different days. They 

also indicated declining requirement for NT with the increase in prawn size in this dose-titration 

stud. Lin et al. (2009) also studied the NT requirement of grouper employing a purified diet 

supplemented with a purified mixture of NT or single NT, and found that dietary 0.15% of 

purified mixture or AMP was effective in promoting growth and immune function of the fish. 

Dietary single supplementation of inosine monophosphate was also studies in olive flounder 

(Paralichthys olivaceus), and it was effective in improving growth at levels of about 0.1-0.2%. 

IMP inclusion can enhance innate immunity (myeloperoxidase and lysozyme activities) and 

disease resistance against S. iniae at levels ranging from 0.1-0.4%. 

Dietary 0.25% NT (Optimun) inclusion was reported to improve growth performance, 

blood innate immune response (blood protein, albumin, albumin/globulin ratio, red blood cells, 

white blood cells, lymphocyte content, alkaline phosphatase and lysozyme activity and cortisol 

in serum) and stress tolerance of confinement and salinity of Caspian brown trout (Salmo trutta 

caspius) (Kenari et al. 2013). In another study, 0.25-0.35% NT supplement increased the 

tolerance of low water level stress in Beluga sturgeon Huso huso (Yousefi et al. 2012). However, 

Welker et al. (2011) fed channel catfish with graded levels (0, 0.1%, 0.3%, 0.9% and 2.7%) of 

purified nucleotide mixture for 8 weeks and observed that addition of nucleotides produced a 

dose-dependent reduction in survival of to Edwardsiella ictaluri. It is hypothesized that the high 

levels of NT in that study may have led to the decrease in disease resistance, which was not 

related to innate immune and adaptive antibody responses.  

 



 24 

2.6.4 The Effect of Dietary NT on Liver Function 

A study examining the effects of dietary NT on hepatic composition and morphology 

indicated that the liver weight as a percentage of the body weight was significantly higher in the 

animals fed NT-supplemented diets compared to that of the animals fed basal diets (Carver, 

1994). Moreover, the total serum bilirubin level and total lipid, lipid phosphorous and cholesterol 

levels in the livers were lower, while the glycogen level in the livers was higher in the animals 

fed NT-supplemented diets than the animals fed basal diets (Carver, 1994). A nucleotide-

nucleoside mixture diet is recommended to provide a better nutritional supplement to the 

cirrhotic rats following partial hepatectomy, because the diet stimulated a hepatic RNA level and 

a hepatic fraction protein synthetic rate (Usami et al., 1996). 

Research on the role of dietary NT has shown in consistent results in a variety of species; 

therefore, further study on these components is warranted. 

 

2.7 Evolution of Aquaculture and Aquaculture Feed Formulation 

Fish, crustacean and mollusk production increased from 3.9 percent of total by weight in 

1970 to 33 percent in 2005, and about one third of fish consumed in the world is farm raised 

(Gatlin III et al., 2007). The growth and the intensification of aquaculture production has 

contributed to the higher aquaculture feed production. In 2015, the production of aquaculture 

feed is 4% share of the global livestock feed market at 41 million tonnes, where 1.8 million 

tonnes of aquaculture feed was produced in North America (Alltech Global Feed Survey, 2015).  

Aquaculture feed formulations have traditionally relied on fish meal as a major protein 

source. Fish meal is rich in highly digestible amino acids, essential fatty acids, vitamins, minerals 
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and nucleotides (Zinn et al., 2009; Watanabe et al., 1997).  The increasing demand for this 

ingredient combined with limited supply has led to a significant increase in the price of fish 

meal. Aquaculture feed manufacturers have had to increasingly rely on more economical protein 

sources of animal and plant origins (Wang et al., 2010; Hu et al., 2013; Zinn et al., 2009). 

Studies have shown that good growth and feed efficiency can be achieved with feeds 

based primarily on plant ingredients. However, performance of fish generally drops significantly 

with complete replacement of fish meal by plant ingredients, especially in young, fast-growing, 

animals, even if all known nutrient requirements appear to have been met. Fish meal is an 

excellent source of digestible essential amino acids, vitamins, minerals as well as of a wide 

variety of compounds, including nucleotides (Zinn et al., 2009; Watanabe et al., 1997). In some 

markets, processed animal proteins (PAPs) have filled in the role traditionally played by fish 

meal in aquaculture feeds. However, feed safety regulations and consumer concerns and 

demands are preventing the use of PAPs in some markets.  Most PAPs are also excellent sources 

of amino acids, minerals and various compounds, including nucleotides. 

Conversely, plant protein ingredients are significantly poorer sources of nucleotides 

because they have low cell density compare to animal protein sources, although some plant 

ingredients are high in protein content and well balanced amino acids, and have a reasonable 

price and stable supply (Storebakken et al., 2000; Mente et al., 2003; Burel et al., 2000a). In this 

context, the level of nucleotides in aquaculture feeds has likely decreased significantly and may, 

in part, explain the lower performance of fish fed diets with very high levels of plant protein 

ingredients. Thus, it is hypothesized that nucleotides are beneficial essential nutrients for young 

fast growing fish. 
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From nutritional and environmental perspectives, partially or totally replacing fish meal 

with plant protein is reliable and cost effective, even though the presence of some anti-nutritional 

factors, such as protease inhibitors, phytates, lectins, saponins, and high fiber content in plant 

protein ingredients may limit how much of these ingredients are used in feeds (Spinelli et al., 

1983; Davies et al., 1990; Krogdahl et al., 1994; Storebakken et al., 1998; Hendricks, 2002). 

Several studies have examined replacing fish meal with plant protein in a multitude of species, 

such as Atlantic salmon (Mente et al., 2003), rainbow trout (Oliva-Teles et al., 1994; Kaushik et 

al., 1995; Refstie et al., 2000; Yurkowski et al., 1978; Burel et al., 2000b), Chinook salmon 

(Higgs et al., 1982), tilapia (Davies et al., 1990), common carp (Viola et al., 1982), grass carp 

(Dabrowski & Kosak, 1979; Tan et al., 2013), turbot (Regost et al., 1999; Fournier et al., 2004), 

Japanese flounder (Pham et al., 2007), cobia (Chou et al., 2004), puffer fish (Zhong et al., 2011),  

tiger puffer (Lim et al., 2011), African catfish (Toko et al., 2008), red sea bream (Biswas et al., 

2007), gilthead seabream (Robaina et al., 1997; Pereira & Oliva-Teles, 2003), sunshine bass 

(Lewis & Kohler, 2008) and Japanese seabass (Men et al., 2014).  

Most studies have led to the conclusion that it is possible to produce successful feeds 

containing high levels of plant protein ingredients and minimal fish meal levels (Hua and 

Bureau, 2012).  However, complete replacement of fish meal and other animal ingredients has 

proved very difficult, notably in diets for salmonids and other carnivorous fish species, even 

when formulating to digestible essential nutrient levels in excess of all known requirements of 

these animals. Growth and feed efficiency of rainbow trout fed fish meal and animal protein free 

diets are generally significantly less good than that of fish fed diets with some levels of fish meal 

and/or animal protein ingredients (Cho et al., 1974; Gomes et al., 1995; Adelizi et al., 1998; 

Glencross et al., 2011; Burr et al., 2012). Review of evidence suggest that the lower performance 
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is unlikely due to differences in digestible amino acids, energy or essential nutrient contents of 

the diets or due to the effect of anti-nutritional factors. The results of studies appear to indicate 

that fish meal may have contributed some dietary components that may be beneficial to these 

fish. Growth performance and feed efficiency of the fish remain nonetheless relative good and 

the fish did not present any overt signs of deficiency or nutritional pathologies. This may indicate 

that the dietary components contributed by fish meal may be nutrients or metabolites that the 

animal is able to synthesize but unable to synthesize sufficient quantities of in order to enable 

higher growth and higher efficiency of feed and nutrient utilization. 

Since studies have indicated that dietary nucleotide supplementation had positive effect on 

various physiological functions in many species, especially during early life stages (Gil, 2002). 

Dietary NT supplementation have been observed to have positive effect on fish growth 

performance, immune responses and GI tract of different fish species (Burrells et al., 2001b; 

Sakai et al., 2001; Li & Gatlin, 2006; Cheng et al., 2011; Sauer et al, 2011; Tahmasebi-Kohyani 

et al., 2011; Mohebbi et al., 2013; Peng et al., 2013). It has been hypothesized to be due to high 

metabolic demands for nucleotides. Fish meal is rich in nucleotides while plant protein 

ingredients are poor sources of these compounds. It has therefore been suggested that NT 

supplementation of diet containing high levels of plant protein ingredients and low levels of fish 

meal or animal protein ingredients may be an effective strategy to improve performance achieved 

with such diets (Watanabe et al., 1997; Zhang et al., 2012). 

 

2.8 Conclusion and perspectives 

NT are ubiquitous intracellular compounds with important roles in cellular function and 

metabolism (Cosgrove, 1998). They have been traditionally thought of as non-essential nutrients, 
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but recent research has suggested that they are semi-essential nutrients for different animal 

species. An abundance of data from nutritional studies with fish species indicates that dietary NT 

supplementation can influence aquatic animals’ biology, mainly in terms of growth performance, 

GI tract morphology and functionality, resistance to diseases, and efficiency of nutrient 

utilization. 

Feeds containing high levels of fish meal probably contain sufficient quantity of NT to 

meet the requirement of the animals (Huu et al., 2012). The increase in the demand and cost of 

fish meal is leading feed manufacturers to reduce fish meal levels in feeds to a minimal level and 

to increasingly rely on plant protein ingredients. However, feed formulated with very high levels 

of plant protein ingredients and no fish meal generally perform relatively poorly. Plant protein 

ingredients are less good sources of certain nutrients than fish meal and contain certain anti-

nutritional factors. Plant protein ingredients are also much less good sources of NT than fish 

meal. Dietary NT supplementation has also been shown to improve growth, intestinal 

morphology and functionality and immune function of fish and other animals. It would be of 

interest to examine the effect of dietary NT supplementation of diets formulated to contain high 

levels of plant protein ingredients and low fish meal and other animal protein ingredients. 
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CHAPTER 3- THE EFFECT OF DIETARY NUCLEOTIDES SUPPLEMENTATION ON 
GROWTH AND FEED EFFICIENCY OF RAINBOW TROUT (ONCORHYNCHUS 
MYKISS) FED FISH MEAL-FREE AND ANIMAL PROTEIN-FREE DIETS 

Abstract 

The effect of dietary nucleotide supplementation on growth and feed efficiency of rainbow 

trout (initial weight = 25.3±0.7 g/fish) was examined in a 70-day growth trial. One control diet 

was formulated to contain 25% fish meal and no supplemental nucleotides. Two basal diets were 

formulated using high levels of highly digestible plant protein ingredients and to meet all the 

known nutrient requirements of rainbow trout. One of the basal diet contained 5% fish meal 

while the other contained 0% fish meal. These two diets were supplemented with four increasing 

levels (0, 8, 16 and 24 ppm, respectively) of nucleotides (measured as total potentially available 

nucleotides, TPAN) using a commercial supplement (Laltide®, Lallemand Inc. Qc, Canada). 

Differences (p<0.05) in final body weight, thermal-unit growth coefficient (TGC), feed 

efficiency, retained nitrogen (RN) and recovered energy (RE) were observed among diets with 

different fish meal inclusion levels. Trout fed the fish meal-free diet performed less well 

(p<0.05) than trout fed the fish meal-containing diets.  Nucleotide supplementation levels 

significantly (p<0.05) affected final body weight and feed efficiency in rainbow trout fed with 

the 5% fish meal diet. The growth rate of fish fed the 5% fish meal diet with 16 ppm of dietary 

supplementation of nucleotides was not different from that of the fish fed the control diet with 

25% fish meal. The feed efficiency of fish fed the control diet with 25% fish meal was better 

than of fish fed all the other diets. The results of this study suggest that dietary nucleotide 

supplementation may be beneficial to young rainbow trout fed with low fish meal and high levels 

of plant protein ingredients. The essentiality of nucleotides to young rainbow trout deserves to be 

further examined. 
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3.1 Introduction  

Nucleotides (NT), the phosphate esters of nucleosides (NSs), are the building blocks for 

DNA and RNA, which provide energy for normal cellular bioprocesses, thus, are essential to 

growth performance and development of humans and animals (Van Buren et al., 1994). An 

animal can obtain NT in three ways, the de novo pathway, the salvage pathway and through the 

diet. Dietary NT have been characterized as non-essential nutrients, but this position has been 

over-turned by recent research, indicating that dietary NT are semi-essential nutrients. Since the 

de novo synthesis pathway may be limiting under conditions like infection, rapid growth and 

development, dietary NT is essential when the de novo pathway and the salvage pathway are not 

able to synthesize sufficient amount of NT to meet the needs of all tissues. The results from a 

number of studies suggest that dietary NT supplementation has the effects on growth, intestinal 

morphology and functionality and immune function of different fish species. (Ramadan et al., 

1994; Adamek et al., 1996; Sakai et al., 2001; Burrells et al., 2001a, b; Li & Gatlin, 2006; Sauer 

et al, 2011; Cheng et al., 2011; Tahmasebi-Kohyani et al., 2011; Mohebbi et al., 2013; Peng et 

al., 2013). 

Fish can obtain NT from their diets, notably diets that contain significant levels of fish 

meal. Fish meal is a good source of nutrients, such as amino acids, minerals and NT. An 

increasing demand of fish meal due to the growth of the aquaculture feed industry in recent years 

has led to it becoming a very expensive commodity. The replacement of fish meal by other more 

cost-effective ingredients has been the focus of much research in aquaculture nutrition. Studies 

have indicated that feeds can be formulated with high levels of plant protein sources provided 

attention is paid to meeting the nutritional requirements of the animals and that diets do not 

contain excessive levels of anti-nutritional factors (Watanabe et al., 1997; Hua and Bureau, 
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2012). 

However, feed formulated with very high levels of plant protein ingredients and no fish 

meal generally perform relatively poorly. Plant protein ingredients are less good sources of 

certain nutrients and other less well characterized components than are found in abundant 

quantity in fish meal. Plant protein ingredients are notably much less good sources of NT than 

fish meal. The performance of fish generally drops significantly with complete replacement of 

fish meal by plant ingredients, especially in young, fast-growing animals, even if all known 

nutrient requirements appear to have been met. In this situation, the level of NT in aquaculture 

feeds has likely decreased significantly and may partly explain the lower performance of fish fed 

diets with high levels of plant protein ingredients. Thus, it is hypothesized that nucleotides are 

beneficial essential nutrients for young fast growing fish. 

Currently, there are gaps in existing knowledge about supplementation of nucleotides in 

diets of fish and the optimal dose of NT supplementation in rainbow trout. Therefore, it has been 

suggested that NT supplementation of diet containing high levels of plant protein ingredients and 

low levels of fish meal or animal protein ingredients may be an effective strategy to improve 

performance, achieved with such diets (Watanabe et al., 1997; Zhang et al., 2012).Thus, it would 

be of interest to examine the effect of dietary NT supplementation of diets formulated to contain 

high levels of plant protein ingredients and low fish meal and other animal protein ingredients on 

growth and efficiency of feed and nutrient utilization in rainbow trout. 
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3.2 Methods 

3.2.1 Experimental Diet Formulation and Preparation 

In total, nine (9) diets were prepared in this experiment (Table 3.1). All the experimental 

diets were formulated to contain 38% digestible protein and 18 MJ/kg digestible energy and 

exceed all the known nutritional requirements for rainbow trout recommended by NRC (2011). A 

diet containing 25% fish meal, with no NT supplementation was included in the study as positive 

control. Two basal diets were formulated to contain 0% and 5% of fish meal and using a 

combination of several highly digestible plant protein ingredients. Eight (8) experimental diets 

were produced by supplementing two basal diets with four (4) graded levels of a commercial NT 

supplement (Laltide®, Lallemand Inc. Quebec, Canada) (Table 3.2) to produce four levels of NT, 

(0, 8, 16 and 24 ppm of total potentially available nucleotides (TPAN) as presented as Table 3.3).  

All the dry ingredients of each diet were first mixed as one batch in a Hobart mixer for 10 

min (Hobart Ltd, Don Mills, ON, Canada). Fish oil and canola oil were subsequently added 

slowly after mixing of dry ingredients and the resulting mash was mixed for an additional 10 

min. The nine (9) resulting mashes were stored at 4°C until pelleted. Diets were steam-pelleted 

using a laboratory-scale team pellet mill using a 3 mm diameter dye and a pellet length of 3 mm 

(California Pellet Mill, San Francisco, CA, USA), and dried under forced air at 36°C for 24 h 

using a drying oven (Precision & Scientific Co., USA). Pelleted diets were sieved to remove fine 

and broken pellets, and stored at 4°C until used. The fines and broken pellets were collected and 

stored at 4°C as well. Samples of the dried diets were analyzed as described in Section 3.2.3 and 

the proximate composition of the diets is reported in Table 3.4. 

 
 
 



 33 

Table 3.1 Ingredient composition of the experimental diets 
    Diets      
Ingredients (g/kg) 1 2 3 4 5 6 7 8 9 
Fish meal, herring, 68% CP 250 50 50 50 50 0 0 0 0 
Rapeseed protein conc, 62% CP 20 108 108 108 108 150 150 150 150 
Rapeseed meal, 44% CP 140 140 140 140 140 145 145 145 145 
Wheat gluten, 80% CP 50 50 50 50 50 50 50 50 50 
High oil soy protein conc, 60% 20 150 150 150 150 160 160 160 160 
Corn gluten meal, 60% CP 60 60 60 60 60 60 60 60 60 
Hipro sunflower meal, 46% CP 150 150 150 150 150 150 150 150 150 
Wheat middlings, 17% CP 113 68.5 68.5 68.5 68.5 56.5 56.5 56.5 56.5 
Fish oil 80 90 90 90 90 90 90 90 90 
Canola oil 80 80 80 80 80 80 80 80 80 
Vitamin premixa 5 5 5 5 5 5 5 5 5 
Vitamin E premixb 1 1 1 1 1 1 1 1 1 
Bio-Lys®(51% lys) 10 20 20 20 20 20 20 20 20 
DL-Met (99%) 1 1.5 1.5 1.5 1.5 2 2 2 2 
L-Histidine 0 1 1 1 1 1.5 1.5 1.5 1.5 
Choline chloride 60% 3 3 3 3 3 3 3 3 3 
Mineral premixc 2 2 2 2 2 2 2 2 2 
Dicalcium phosphate 10 15 15 15 15 15 15 15 15 
Sodium chloride 2 2 2 2 2 2 2 2 2 
Rovimix Stay-C 1 1 1 1 1 1 1 1 1 
Carophyll® pink 1 1 1 1 1 1 1 1 1 
Laltide (g/kg) 0 0 0.05 0.1 0.15 0 0.05 0.1 0.15 
          
aProvides per kg of diet: Retinyl acetate (vit. A), 75mg; Cholescalciferol (vit. D), 60mg; dl-a-tocopherol-acetate (vit. 
E), 300mg; Menadione Na-bisulfate (vit. K), 1.5mg; Cyanocobalamine (vit. B12), 30mg; Ascorbic acid 
monophosphate, 300mg; Biotin, 210mg; choline chloride (chloride, 50%), 15mg; D-calcium pantothenate, 32.6mg; 
pyrodpxone-HCL (vit. B6), 7.5mg; Riboflavin (vit. B2), 9mg; Thiamin-HCL (vit. B1), 1.5mg; Caro-Pink 
(Astaxanthin), 500mg. 
bProvides per Kg of diet: Vitamin E, 0.375g; Wheat middling, 1g. 
cProvides per kg: sodium chloride (NaCl, 39% Na, 61% Cl), 3077mg; potassium iodide (KI, 24% K, 76%I), 10.5mg; 
ferrous sulphate (FeSO4-H20, 20% Fe),65mg; manganese sulphate (MnSO4, 36% Mn), 88.9mg; zinc sulphate 
(ZnSO4-H2O, 40% Zn), 150mg; copper sulphate (CuSO4-H20, 25% Cu), 28mg; yttrium oxide, 100mg. 
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Table 3.2 Nucleotide supplementation added level 
 

Diet Diet Type + Nucleotide Supplementation 

 (expressed as ppm TPAN) 

  

1 Control (25% fish meal) 

2 Basal diet (5% fish meal) + 0 ppm 

3 Basal diet (5% fish meal) + 8 ppm 

4 Basal diet (5% fish meal) + 16 ppm 

5 Basal diet (5% fish meal) + 24 ppm 

6 Basal diet (0% fish meal) + 0 ppm 

7 Basal diet (0% fish meal) + 8 ppm 

8 Basal diet (0% fish meal) + 16 ppm 

9 Basal diet (0% fish meal) + 24 ppm 

 

 

 

Table 3.3 Total potentially available nucleotides (TPAN) in the Laltide® 
 

LALTIDE® inclusion Actual TPAN added 

g/kg ppm 

0 0 

0.05 8 

0.1 16 

0.15 24 
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Table 3.4 Proximate composition of experimental diets. 
    Diets      

 1 2 3 4 5 6 7 8 9 

Dry Matter % 98.2 98.0 97.7 98.0 97.8 97.8 97.9 97.9 98.0 

Crude Protein % 42.6 43.3 43.5 43.3 43.4 42.9 42.3 42.9 43.2 

Lipid, % 21.0 20.5 21.0 20.7 20.3 20.9 20.8 20.8 20.6 

Ash, % 7.4 7.3 7.0 7.2 7.1 6.9 7.0 6.9 6.8 
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3.2.2 Fish, Feeding and Husbandry 

Rainbow trout fingerlings were obtained from Alma Aquaculture Research Station (Elora, 

Ontario, Canada) and transferred to the Fish Nutrition Research Laboratory at the University of 

Guelph before the start of the experiment. The juvenile rainbow trout, average initial weight of 

25.3±0.7g, were stocked into 27 fiberglass tanks (60L) with a stocking density of 12 fish per 

tank. Water was supplied through a partial recirculation system (+/- 30% make up water per 

pass) at a flow rate of ~3L/min per tank. Before the start of the experiment, biomass in each tank 

was equalized to be within 3% of the mean. Water temperature was maintained at 15.0 °C. Fish 

was kept under a 12 h light: 12 h dark photoperiod regime. The nine (9) experimental diets were 

each allocated to three replicates groups (tanks) using a complete randomized design. 

Fish were acclimated to the experimental conditions for two weeks prior to the start of 

the experiment. During the acclimation period, fish was fed a commercial trout feed (Profishent, 

Martin Mills Inc., Elmira, ON, Canada) once daily. During the 10-week-trial (70 days), fish was 

hand-fed to near satiation three times daily on weekdays, 9:00, 13:00 and 16:00 and once daily 

on weekends. Feed intake was recorded weekly and bulk weight of the fish in each tank were 

recorded every 28 days. Experimental tanks were cleaned twice a week on each Monday and 

Thursday according to the Standard Operating Procedures of the Fish Nutrition Research 

Laboratory. All animals were treated in compliance with the guidelines of the Canadian Council 

on Animal Care and the University of Guelph Animal Care Committee. 
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3.2.3 Chemical Analysis 

At the beginning of the trial, an initial pooled sample of ten fish was taken for the 

determination of the initial carcass composition. At the end of the trial, a sample of five fish per 

tank was taken for the determination of the final carcass composition. Fish was humanly killed 

by an overdose of tricaine methane sulfonate (MS-222) followed by a sharp blow to the head. 

Live weights were recorded and 10 (initial) and/or 5 (final) fish per tank were pooled into plastic 

autoclave bags and stored at -20°C until processing. Samples for carcass composition 

determination were thawed overnight prior to being cooked in an autoclave (LabTech LAC-

5100S Autoclave). After autoclaving, samples were thoroughly ground into homogeneous slurry 

using a food processor (Cuisinart DLC-X PLUS), freeze-dried (FTS Systems Dura Dry MP 

freeze drier), and ground into a fine powder using a food processor and kept at -20 °C until 

further analysis. 

Another sample of three fish per tank was taken for determination of individual body 

weight and length. Viscera and liver from each fish were dissected, weighed, and snap frozen in 

liquid nitrogen and stored at -80°C. 

Diets, ingredients, initial and final carcass samples were analysed in duplicate. Dry 

matter was determined with a drying oven at 100°C for 12 h (Fisher Scientific Isotemp oven, 

Markhan, ON, Canada). Ash was determined using a muffle furnace at 550°C for 4 hours (Fisher 

Scientific Isotemp muffle furnace, Markham, ON, Canada), crude protein (% N × 6.25) was 

determined by LECO (LECO Corp., St. Joseph, MI, USA) and lipid analysis was performed with 

an Ankom XT20 fat analyser (Ankom Technology, Macedon, NY, USA) using petroleum ether. 

Total carbohydrate content was determined by the following equation, total carbohydrate 

content= 100 – (crude protein + lipids + ash), and gross energy (GE) was determined by the 
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following equation, GE=[(CP*23.4 kJ/g)+(Lipid*39.2 kJ/g)+(DM-Ash-CP-Lipid 

kJ/g)*17.2]/100 (Cho, 1982). 

 

3.2.4 Calculations and Statistical Analysis 

The effect of dietary nucleotide level in the diet, level of fish meal and possible 

interaction between the two, on final body weight, thermal-unit growth coefficients (TGC), feed 

intake (FI), feed efficiency (FE), retained nitrogen (RN), recovered energy (RE), nitrogen 

retention efficiency (NRE), energy retention efficiency (ERE) and proximate carcass 

composition were investigated using SAS general linear model in addition to use linear and 

quadratic contrasts (PROC GLM, SAS Version 9.2, SAS Institute, Cary, NC, USA). Growth 

performance and proximate composition data were analyzed using a complete randomized 

design with ANOVA with fish meal level and NT level as sources of variation. In all these 

analyses the tank was the experimental unit and the significance level was P<0.05. 

 

Growth performance parameters were calculated as follows: 

a)   Weight gain (WG, g/fish)  

WG= FBW – IBW 

Where: FBW= final body weight (g/fish); IBW= initial body weight (g/fish). 

b)   Thermal unit growth coefficient (TGC) 

TGC= 100×[(FBW1/3−IBW1/3)×(sum T×D)-1] 

where: FBW= final body weight (g/fish); IBW= initial body weight (g/fish); sum T×D= sum 
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Celsius degrees×days. 

c)   Feed efficiency (FE, gain:feed)  

FE= live body weight gain/ feed intake (DM basis) 

Where: live body weight gain= (FBW/final number of fish)−(IBW/initial number of fish);  

feed intake= total dry feed/number of fish. 

d)   Retained nitrogen (RN, g/fish)  

RN= (FBW×N contentfinal)−(IBW×N contentinitial) 

Where: N contentfinal= nitrogen content (%) of the final carcass sample;  

N contentinitial= nitrogen content (%) of the initial carcass sample 

e)   Recovered energy (RE, kJ/fish)  

RE= (FBW×GE contentfinal)−(IBW×GE contentinitial) 

Where: GEfinal= gross energy (kJ/g) content of the final carcass sample;  

GEinitial= gross energy (kJ/g) content of the initial carcass sample 

f)   Nitrogen retention efficiency (NRE) and energy retention efficiency (ERE)  

NRE (% IN)= [[(FBW×N contentfinal)−(IBW×N contentinitial)]/IN]×100  

ERE (% IE)= [[(FBW×GE contentfinal)−(IBW×GE contentinitial)]/IE]×100 

where: N contentfinal= nitrogen content (%) of the final carcass sample; N contentinitial= nitrogen 

content (%) of the initial carcass sample; GEfinal= gross energy (kJ/g) content of the final carcass 

sample; GEinitial= gross energy (kJ/g) content of the initial carcass sample; IN=ingested nitrogen 

(g/fish); IE= ingested energy (kJ/fish). 
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g)   Viscerosomatic index (VSI, %)  

VSI =100×Individual viscera weight/Individual FBW 

Where: Individual viscera weight = weight of viscera (g) at the end of experimental period 

h)   Hepatosomatic index (HIS, %)  

HIS =100×Individual liver weight /Individual FBW 

Where: Individual liver weight = weight of liver at the end of experimental period. 

 

3.3 Results 

3.3.1 Growth Performance 

During the 70-day trial, no mortality was observed. Figure 3.1 presents the live body 

weight of the fish fed the nine experimental diets over the 70-day trial. The results of final body 

weight, TGC and feed efficiency, of fish fed diets containing increasing levels of NT with 

different levels of fish meal inclusion, are presented in Figure 3.2, 3.3 and 3.4, respectively.  
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Figure 3.1 Live body weight (g/fish) of rainbow trout in response to being fed experimental diets 
containing increasing NT levels with different fish meal inclusion levels. 

 
 
 
 
Figure 3.2 Final body weight (g/fish) of rainbow trout in response to being fed experimental diets 
containing increasing NT levels with different fish meal inclusion levels. 
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Figure 3.3 Thermal-unit growth coefficient (TGC) of rainbow trout in response to being fed 
experimental diets containing increasing NT levels with different fish meal inclusion levels.  

	    
1 Dietary NT supplementation level. 
 
 
	  
	  
	  
Figure	  3.4	  Feed	  efficiency	  of	  rainbow	  trout	  in	  response	  to	  being	  fed	  experimental	  diets	  
containing	  increasing	  NT	  levels	  with	  different	  fish	  meal	  inclusion	  levels. 
 
 

 
1 Dietary NT supplementation level. 
Lines regressed using a 2nd order polynomial function. 

 

1	  

1 
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The growth performance parameters of rainbow trout fed different diets are presented in 

Table 3.5. Increases in final body weight (p<0.001), TGC (p<0.001) and feed efficiency (p<0.01) 

of rainbow trout were found in response to increasing fish meal level in diets, but no significant 

effect on VSI and HIS score occurred when comparing different fish meal levels.  However, 

dietary NT supplementation level affected feed intake (p<0.05) and final body weight (p<0.05) 

significantly.  

NT supplementation has shown effects on feed intake (p<0.05) and final body weight 

(p<0.05) of rainbow trout were fed with 5% fish meal diets in significant linear responses, no 

such difference was found in fish fed with 0% fish meal diets (Figure 3.2; Figure 3.3). In Table 

3.6, feed intake, final body weight and TGC of rainbow trout showed no statistical difference 

between fish fed with Diet 4 and fish with control diet. However, feed efficiency of fish fed Diet 

4 was significantly lower (p<0.01) than that of fish fed control diet. 

Only a significant quadratic increase in response to increasing dietary NT levels in VSI 

(p<0.05) was observed in rainbow trout fed with 0% fish meal diets. Nonetheless, no statistical 

interaction effect between fish meal levels and NT levels on growth performance was detected in 

this 70-day trial. 

 

3.3.2 Carcass Composition 

The results from proximate analysis of pooled carcass samples are presented in Table 3.7. 

Fish meal and NT supplementation did not significantly influence whole body composition with 

the exception of ash content of fish fed with 0% fish meal which increased in a significantly 

decreased (p<0.05) in a linear fashion. However, significant interactions were observed between 



 44 

fish meal level and NT level on moisture (p<0.05), lipid (p<0.01), ash (p<0.05) and gross energy 

(p<0.05) which indicates influence of NT supplementation on whole body composition as a 

function of fish meal level. 

 

3.3.3 Retained Nutrients and Retention Efficiencies 

Results for retained nitrogen (RN), recovered energy (RE), nitrogen retention efficiency 

(NRE) and energy retention efficiency (ERE) are presented in Table 3.8. Fish meal level had a 

significant positive effect on RN (p<0.05) and RE (p<0.05), but no effect on NRE and ERE. NT 

supplementation did not significantly affect RN, RE, NRE and ERE. However, NRE of fish fed 

0% fish meal inclusion diets responded to NT supplementation significantly (p<0.05) in a 

quadratic fashion. A significant interaction response on ERE (p<0.05) was noted between fish 

meal levels and NT supplementation.  
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Table 3.5 Performance of rainbow trout (initial weight = 25 g/fish) in response to being fed 
increasing NT content with different fish meal inclusion levels diets for 10 weeks. 

 Inclusion 
level of 

NT 

Feed 
Intake 

Final 
Weight 

TGC1 Feed 
efficiency2 

gain:FI 

VSI3 HIS4 

 Ppm g/fish g/fish % gain:feed % % 

Control5 - 147 194 0.274 1.17 13.6 1.11 
5 % FM        
Diet 2 - 133 163 0.247 1.04 15.4 1.20 
Diet 3 8 137 171 0.257 1.09 15.0 1.15 
Diet 4 16 152 187 0.270 1.09 16.0 1.18 
Diet 5 24 142 176 0.259 1.06 15.6 1.16 
S.E.M  2.8 3.4 0.003 0.01 0.2 0.03 
Significance6         
Linear  * * N.S N.S N.S N.S 
Quadratic  N.S N.S N.S * N.S N.S 
        
0 % FM        
Diet 6 - 133 162 0.246 1.03 16.5 1.22 
Diet 7 8 122 151 0.233 1.04 15.0 1.09 
Diet 8 16 134 165 0.249 1.04 15.5 1.24 
Diet 9 24 127 156 0.236 1.02 16.7 1.26 
S.E.M  2.4 2.6 0.003 0.01 0.371 0.03 
Significance         
Linear  N.S N.S N.S N.S N.S N.S 
Quadratic  N.S N.S N.S N.S * N.S 
        
Among FM Levels  *** ** *** ** N.S N.S 
Among NT Levels  * * N.S N.S N.S N.S 
FM Levels*NT 
Levels 

 
N.S N.S N.S N.S N.S N.S 

Control vs. 
Average7 

 
* *** *** *** ** N.S 

1TGC=thermal unit growth coefficient, %TGC= 100 x (FBW1/3-IBW1/3)/Σ(Temp (◦C) x Number of days).  
2Feed efficiency= (final body weight - initial body weight) : feed intake as dry matter basis.  
3Viscerosmatic index = 100 x viscera weight (g)/ whole body weight (g).  
4Hepatosomatic index=100 x liver weight (g)/ whole body weight (g). 
5Containing 25% fish meal 
6Significance indicated by *, **, *** at the p<0.05, 0.01 and 0.001 level; N.S = not statistically significant (p≤0.05). 
7Average of Diet 2, 3, 4, 5, 6, 7, 8 and 9. 
 
 
 
Table 3.6 Comparison of some parameters1 of rainbow trout in response to being fed diet 4 with 
Control diet 

 Feed intake 
g/fish 

Final body weight 
g/fish 

TGC 
% 

Feed efficiency 
% 

Diet 4 vs. Control diet  N.S N.S N.S 0.007 
1parameters with significant effects after comparison, on the contrary, other parameters are not 
significantly affected by the NT supplementation. 
Significance indicated by *at the p<0.05level; N.S = not statistically significant (p≤0.05).  
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Table 3.7 Proximate composition of whole carcass of rainbow trout in response to being fed 
increasing NT content with different fish meal inclusion levels diets for 10 weeks, expressed on a 
wet weight basis. 

 Inclusion level 
of NT (ppm) 

Moisture  
% 

Crude 
Protein 

% 

Lipid  
% 

Ash  
% 

GE1  
kJ/g 

Control2  - 66.8 15.2 14.9 2.4 9.4 
5 % FM       
Diet 2 - 66.7 15.3 15.0 2.5 9.3 
Diet 3 8 65.3 15.5 16.2 2.7 9.9 
Diet 4 16 67.6 14.7 15.2 2.2 9.1 
Diet 5 24 66.2 15.8 15.0 2.5 9.6 
S.E.M  0.4 0.2 0.2 0.1 0.1 
Significance3        
Linear  N.S N.S N.S N.S N.S 
Quadratic  N.S N.S N.S N.S N.S 
       
0 % FM       
Diet 6 - 65.4 15.0 16.2 2.6 9.9 
Diet 7 8 66.0 16.0 14.7 2.6 9.6 
Diet 8 16 65.3 15.6 15.7 2.6 9.9 
Diet 9 24 66.9 15.3 14.9 2.2 9.5 
S.E.M  0.2 0.2 0.2 0.1 0.1 
Significance        
Linear  N.S N.S N.S * N.S 
Quadratic  N.S N.S N.S N.S N.S 
       
Among FM Levels  N.S N.S N.S N.S N.S 
Among NT Levels  N.S N.S N.S N.S N.S 
FM Levels*NT 
Levels 

 
* N.S ** * * 

Control vs. 
Average4 

 
N.S N.S N.S N.S N.S 

1 Gross energy (kJ/g) 

2 Containing 25% fish meal 
3Significance indicated by *, **, *** at the p<0.05, 0.01 and 0.001 level; N.S = not statistically significant (p≤0.05). 
4Average of Diet 2, 3, 4, 5, 6, 7, 8 and 9. 
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Table 3.8 Retained nitrogen (RN), recovered energy (RE), nitrogen retention efficiency (NRE), 
and energy retention efficiency (ERE) of rainbow trout in response to being fed increasing NT 
content with different fish meal inclusion levels diets for 10 weeks. 

 Inclusion 
level of NT 

(ppm) 

RN  
g/fish 

RE 
kJ/fish 

NRE 
%IN 

ERE 
%IE 

Control1 - 4.0 1645 40.3 49.0 
5 % FM      
Diet 2 - 3.3 1344 36.0 44.2 
Diet 3 8 3.6 1512 37.5 48.2 
Diet 4 16 3.7 1528 35.3 43.9 
Diet 5 24 3.8 1506 38.3 46.8 
S.E.M  0.1 39 0.5 0.8 
Significance2       
Linear  N.S N.S N.S N.S 
Quadratic  N.S N.S N.S N.S 
      
0 % FM      
Diet 6 - 3.2 1431 35.2 46.9 
Diet 7 8 3.2 1270 38.9 45.8 
Diet 8 16 3.5 1452 37.6 47.4 
Diet 9 24 3.1 1286 35.3 44.2 
S.E.M  0.1 32 0.7 0.5 
Significance       
Linear  N.S N.S N.S N.S 
Quadratic  N.S N.S * N.S 
      
Among FM Levels  * * N.S N.S 
Among NT Levels  N.S N.S N.S N.S 
FM Levels*NT Levels  N.S N.S N.S * 
Control vs. Average3  ** ** * * 

1 Containing 25% fish meal 

2Significance indicated by *, **, *** at the p<0.05, 0.01 and 0.001 level; N.S = not statistically significant (p≤0.05). 
3Average of Diet 2, 3, 4, 5, 6, 7, 8 and 9. 
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3.4 Discussion 

In this study, a series of experimental diets were formulated to contain essential nutrients 

in excess of all the known nutritional requirements for rainbow trout according to NRC (2011) 

recommendations. One control diet contained 25% fishmeal was formulated. The other two basal 

diets were formulated with two fish meal levels (5% fish meal and 0% fish meal) and each of 

them had been supplemented with four increasing levels (0, 8, 16 and 24 ppm, respectively) of 

NT using a commercial supplement (Laltide®, Lallemand Inc. Qc, Canada). 

In the present study, the level of fish meal in diets decreased from 25% down to 5% and 

0%, which negatively affected the growth and feed efficiency of rainbow trout. Plant protein 

ingredients in this study have been previously examined and shown to be sources of highly 

digestible essential amino acids, contain low levels of anti-nutritional factors and be of high 

nutritive value to rainbow trout (unpublished results). Previous results from related studies on the 

same ingredients are suggesting that the differences in performance achieved with the diets with 

different fish meal and plant protein ingredients levels were not likely due to different in 

digestible amino acids, energy or essential nutrient contents of the diets or to the effect of anti-

nutritional factors. Similar results were observed in another fish meal replacement trial, rainbow 

trout fed diets containing low (less than 20%) fish meal source exhibited decreased growth 

(Gomes et al., 1995; Adelizi et al., 1998; Glencross et al., 2011), although the nutrient contents 

in the experimental diets appeared to be similar and meet all known requirements of rainbow 

trout (NRC, 2011). However, complete replacement of fish meal and other animal ingredients 

has proved to be very difficult in salmonid diets even when formulating to digestible essential 

nutrient levels in excess of all known requirements of these animals. For example, Burr et al. 
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(2012) observed that rainbow trout which received 0% fish meal had significantly lower weight 

gain, lower TGC and lower feed efficiency than fish which received higher fish meal levels. 

In this study, the feed intake in rainbow trout fed with diet 4 was not significantly different 

from that of fish fed with control diet. It could be hypothesized that dietary NT may have a 

potential effect on palatability of diet since some NTs have been found to have significant 

attractant properties for aquatic animals. For example, inosine and AMP were found to be potent 

chemo-attractants for lobster (Mackie, 1973) and dietary IMP supplementation (2.8%) 

significantly increased feed intake of largemouth bass (Micropterus salmoides) fed soybean-

based diet (Kubitza et al., 1997). However, the fact that NT supplementation was only effective 

for feed containing 5% fish meal suggest that enhancement of performance could be related to 

different mechanisms.  

NT supplementation level significantly affected feed intake, TGC and feed efficiency of 

rainbow trout but only for the basal diet containing 5% fish meal.  Positive effect of NT 

supplementation of growth and efficiency of feed utilization in several other studies with 

different species, such as weanling pigs (Andres-Elias et al., 2007; Li et al., 2015), rats (Xu et 

al., 2013), Atlantic salmon (Burrells et al., 2001b), rainbow trout (Tahmasebi-Kohyani et al., 

2011; Zhang et al., 2012), juvenile turbot (Peng et al., 2013), Hybrid tilapia (Ramadan et al., 

1991) and black tiger shrimp (Huu et al., 2012).  

In the present study, no positive effect of NT supplementation was observed in fish fed 

with 0% fish meal diets. This may suggest that some nutrients may have prevented the fish from 

responding to NT supplementation. Theoretically, these different responses of fish should have 

resulted in an interaction response between fish meal level and NT supplementation level. 

However, no statistical interaction response in growth parameter was detected in this study. This 
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is thought to be the variability of feed intake, final body weight and feed efficiency among tanks 

fed the same diet was relatively large. Thus, future studies should be designed to be more 

statistically powerful by using larger number of replicates per experimental diet, exploring more 

NT inclusion levels to better determine whether NT supplementation is truly beneficial or 

whether the results are a simple experimental artifact. 

In current study, the basal diets were designed to contain a low percentage of fish meal. 

Moreover, the levels of dietary NT supplementation in this study were lower than the other 

studies referred to above. More work needs to be done with greater range and types of NT 

supplements and more replicates in order to assess whether NT supplementation truly exert a 

positive effect on salmonid fish.  

 

3.5 Conclusion 

The objective of this study was to evaluate the effect of supplemental dietary NT, 

provided through a commercial feed additive, on growth, feed efficiency and efficiency of 

protein and energy utilization in rainbow trout fed diets formulated to contain low levels of NT. 

The combination of high quality plant protein ingredients used in this study appeared to result in 

fairly highly nutritive and palatable diets. The results suggest that dietary NT supplementation 

may have a beneficial effect on fish fed low fish meal diets. A significant reduction in 

performance with reducing fish meal level in this study also indicated that gaps still exist in our 

understanding of nutritional requirements of salmonid fish. 

Future studies could put more efforts to on examining the effect of NT and other dietary 

components on digestion, cell, tissue or organ integrity, multiplication and functionality, the 
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activity of key enzymes and the expression of genes known to be associated with growth 

processes. The effect of these compounds on immune function and disease resistance would also 

be highly valuable.	  
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CHAPTER 4 GENERAL DISCUSSION 

The objective of this study was to evaluate the effect of supplemental dietary NT, 

provided through a commercial feed additive, on growth, feed efficiency and efficiency of 

protein and energy utilization in rainbow trout fed diets formulated to contain low levels of NT. 

Traditionally, aquaculture feeds were formulated to contain high levels of fish meal, which is 

characterized by an excellent profile of essential amino acid, minerals, omega-3 fatty acids, fat 

soluble vitamins, phospholipids, taurine, and numerous other compounds (Watanabe et al., 1997; 

Zinn et al., 2009). Due to high cost and limited global supply of fish meal, modern aquaculture 

feeds are increasingly formulated to contain low levels of fish meal and high levels of more cost-

effective ingredients, such as plant protein ingredients. Several limitations, such as the presence 

of anti-nutritional factors and poorer levels of essential nutrients, are associated with use of plant 

ingredients in feeds. However, it is possible to produce successful rainbow trout feeds containing 

high levels of plant protein ingredients at minimal fish meal levels (Hua and Bureau, 2012).  

Complete replacement of fish meal and other animal ingredients, however, has proved to be very 

difficult in salmonid diets even when formulating to digestible essential nutrient levels in excess 

of all known requirements of these animals. Growth and feed efficiency of rainbow trout fed fish 

meal and animal protein free diets are generally significantly lower than that of fish fed diets 

with some levels of fish meal and/or animal protein ingredients (Cho et al., 1974; Gomes et al., 

1995; Adelizi et al., 1998; Glencross et al., 2011; Burr et al., 2012).  

In the present study, the level of fish meal in the diet was from 25% down to 5% and 0%, 

and this negatively affected the growth and feed efficiency of rainbow trout, which is consistent 

with the findings of earlier studies. In the present study, a series of experimental diets was 

formulated with plant protein ingredients that have previously been shown to be a source of 
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highly digestible essential amino acids, contain low levels of anti-nutritional factors and be of 

high nutritive value to rainbow trout (unpublished results). This makes it unlikely that 

differences in performance were due to different in digestible amino acids, energy or essential 

nutrient contents of the diets or to the effect of anti-nutritional factors. 

The results appear to indicate that fish meal may have contributed some dietary 

components that may be beneficial to these fish. Growth performance and feed efficiency of the 

fish remain nonetheless relative good and the fish did not present any overt signs of deficiency or 

nutritional pathologies. This may indicate that the dietary components contributed by fish meal 

may be nutrients or metabolites that the animal is able to synthesize but unable to synthesize 

sufficient quantities of in order to enable higher growth and higher efficiency of feed and 

nutrient utilization. 

Nucleotides are natural components of all living organisms that are involved in a wide 

variety of metabolic and cellular processes. Animals are capable of de novo synthesis of 

nucleotides but they can also acquire them through the salvage pathway or through the diet 

(Quan et al., 1990). It has been observed that de novo synthesis and the salvage pathways 

occasionally provide insufficient amounts of NT for the needs of certain tissues. 

 Studies have indicated that dietary NT supplementation had positive effect on various 

physiological functions in many species, especially during early life stages (Gil, 2002). It has 

been hypothesized that during periods of rapid growth or high metabolism, some tissues such as 

immune cells and gastrointestinal cells may have high demands for NT. Dietary NT 

supplementation can have a positive effect on fish growth performance, immune responses and 

GI tract of different fish species (Burrells et al., 2001b; Sakai et al., 2001; Li & Gatlin, 2006; 
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Cheng et al., 2011; Sauer et al, 2011; Tahmasebi-Kohyani et al., 2011; Mohebbi et al., 2013; 

Peng et al., 2013).  

Fish meal is generally recognized as a good source of NTs, whereas plant protein 

ingredients are not (Devresse, 2000). In this thesis, the effect of supplementation of diets 

containing with 5% or 0% fish meal with graded levels of NT fed to rainbow trout was 

examined. Results suggested that dietary NT supplementation had a beneficial effect on rainbow 

trout fed diets with 5% fish meal.  The feed intake and final body weight of fish increased 

significantly in a linear fashion, and feed efficiency increased significantly in a quadratic fashion 

with increasing NT supplementation.  However, the fish fed the diet with no fish meal did not 

show any significant response to NT supplementation. This may indicate that other nutrients may 

have become deficient in this diet and prevented the fish from responding to NT 

supplementation. In theory, this difference in response of the fish to NT supplementation should 

have resulted in a significant interaction between fish meal level and nucleotide supplementation. 

However, no such significant statistical interaction response was detected in this study. The p 

value for the interaction response on TGC was 0.17 which is close to the established significance 

level (p ≤ 0.05). Overall, variability in terms of feed intake, final body weight and feed 

efficiency among tanks fed the same diet was relatively large. Additional feeding trials should be 

carried out to determine if the results of this study can be replicated. Future studies should be 

designed to be more statistically powerful by using larger number of replicates per experimental 

diet, exploring broader and more numerous NT inclusion levels to help better determine whether 

NT supplementation is truly beneficial or a simple experimental artifact. 

 The potential positive effect of NT supplementation in low fish meal diet observed in 

this study as well as in other studies (Barros et al., 2015) could be related to different 
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mechanisms. Certain nucleotides have been found to have significant attractant properties for 

fish diets. Dietary IMP supplementation (2.8%) significantly enhanced feed intake of largemouth 

bass (Micropterus salmoides) fed soybean-based diet (Kubitza et al., 1997). Electrophysiological 

studies indicated that, AMP, IMP, UMP and ADP were detected by lips chemoreceptors of 

puffer fish (Fugu pardalis) (Kiyohara et al., 1975). Free adenine was found to have potent ability 

to inhibit feed intake in rainbow trout (Rumsey et al., 1992). These evidences indicate that NTS 

and their metabolites can influence palatability of feeds.  

In the present study, the feed intake in rainbow trout fed with Diet 4 (5% fish meal, 16 

ppm NT supplementation) was no statistically different (P=0.39) from that of the fish fed with 

control diet with 25% fish meal, no NT supplementation. However, the feed efficiency of fish 

fed Diet 4 was still significantly (p<0.01) lower than those of fish fed the control diet. These 

results suggest a potential effect of NT supplementation on palatability of the diet with 5% fish 

meal. However, increase feed intake can be the results of increase palatability or other biological 

or metabolic effects. NT could increase metabolic efficiency or growth potential and thus 

indirectly influence the feed intake of the animals. The use of a pair-feeding protocol in which all 

the groups of fish would have received the same amount of feed would have been an effective 

way of determining if the NT supplementation exerted its effect through metabolic effects. Truly 

determining the effects of NT on palatability of feeds would require an elaborate protocol. This 

could be done through a feed preference assay (Suresh et al., 2011).   

As reviewed in some level of details in Chapter 2, NT supplementation has been found to 

have significant effect on number of models, notably in young fast growing animals like the 

young rainbow trout in this study. Nucleotides are building blocks for rapidly dividing tissues 
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and play many important roles in intermediary metabolisms of all living organisms. As 

mentioned above. 

The NT supplement used here was a commercial yeast-based feed additive containing 

approximately 15% total potentially available nucleotides (TPAN) as well as several other 

components, such as amino acids, vitamins, cell wall components, etc. Since NT 

supplementation also was done concurrently with these other components, a response to one or 

several of these other components cannot be ruled out. Limited information is available on the 

actual NT composition of this commercial supplement. Analysis of the NT content of the 

experimental diet is still in progress and no results can be reported at this time. 

Most other studies examining the effects of dietary NT supplementation have been based 

on the use of commercial supplements of poorly characterized composition. Very few studies 

have used purified single nucleotides (Kubitza et al., 1997; Lin et al., 2009; Huu et al., 2013). 

Different individual NTs or combinations of NTs in different ratios may have different effects. 

For example, 0.4% GMP and 0.1% AMP and 0.4% GMP and 0.1% IMP improved growth rate 

and weight gain in black tiger prawn (P. monodon) (Huu et al., 2013). Supplementation of the 

diet with a nucleotide mixture (IMP:AMP:GMP:UMP:CMP) significantly increased weight gain 

in grouper (Epinephelus malabaricus) in a 8-week trial but only increased weight gain 

significantly in red drum (Sciaenop ocellatus) during the first week of a 4-week trial (Li et al., 

2007a; Lin et al., 2009). Dietary supplementation of purified AMP in grouper resulted in 

significantly higher superoxide anion (O2
-) production, a measure of activity of phagocytic cells 

(Secombes, 1990), compared to that of fish fed with other purified nucleotides (Lin et al., 2009). 

The present study produced valuable results that opens up the door to additional studies. 

The reduction in performance in diet with low or no fish meal indicates that our understanding of 
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nutritional requirements for salmonid species is still imperfect. Certain nutrients, compounds or 

properties of importance to salmonid fish may be contributed by fish meal and these are poorly 

characterized. This also suggests that dietary NT may have a beneficial effect and could 

potentially be considered semi or conditionally essential nutrients. These observations deserve to 

be examined very carefully in future research efforts. 

The experimental diets used in this study represent an interesting model for future studies 

on the effect of NT and other dietary components. The combination of high quality plant protein 

ingredients used in this study appeared to result in fairly highly nutritive and palatable diets. The 

5% fish meal and 0% diets could be supplement with various nutrients and chemical compounds 

alone or in combination to determine what is apparently “missing” from fish meal-free diets.   

The scope of future studies could be expanded to include assessment of the effect of NT 

and other dietary components on digestion, cell, tissue or organ integrity, multiplication and 

functionality, assessment of the activity of key enzymes and the expression of genes known to be 

associated with growth processes. The effect of these compounds on immune function and 

disease resistance would also be highly interesting since dietary NT supplementation have been 

observed to have a significant effect on immune function and disease resistance in several animal 

models. As such, immune function may represent a highly sensitive indicator of the response of 

the animals to dietary NT. 
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