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ABSTRACT

Important to the evaluation of potential feed ingredients for inclusion in fish diets should be 

their digestibility and amino acid requirement so that feeds can be formulated on a digestible 

basis rather than a gross nutrient basis. This thesis established techniques for faecal 

collection, the validity of digestibility markers, it determined apparent digestibility 

coefficients for various novel feed ingredients, and it established the optimal lysine 

requirement for Argyrosomus japonicus, which was used to estimate each of the essential 

amino acid requirements by using the ideal protein concept.

There were no significant differences in dry matter apparent digestibility coefficients when 

faeces were collected by stripping (77.0 %), dissection (80.1 %) or settlement (83.5 %). 

Faecal collection by the settlement method produced the most reliable digestibility data. 

Apparent digestibility coefficients for dry matter, crude protein and energy calculated using 

acid-insoluble ash were higher (84.0 %, 93.2 % and 93.0 %, respectively) than those using 

chromic oxide (55.7 %, 79.1 % and 78.2 %) and titanium dioxide (58.6 %, 79.7 % and 80.5 

%). The magnitude of variation in digestibility coefficients obtained using acid-insoluble ash 

was always lower than that obtained with the other markers. Therefore, acid-insoluble ash 

was preferred as a dietary marker.

Using the above protocol, protein and amino acid digestibility of some animal and plant 

protein ingredients were evaluated in a series of experiments. The first trial compared the 

apparent digestibility coefficients of some animal products included as single protein source 

in the test diets. Apparent protein digestibility values were 84.5 %, 83.8 %, 85.8 % and 83.1 

% for fishmeal-prime, fishmeal-standard, poultry meal and pork meal, respectively. Apparent 

digestibility coefficients for poultry meal were comparable to those of fishmeal, which 

indicate its potential as a substitute for fishmeal in the diets of A. japonicus. The second trial
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determined the apparent coefficients of plant and animal protein sources included at 30 % 

into a practical reference diet (70 %). Apparent protein digestibility ranged from 92.4 % in 

sunflower meal to 85.5 % in corn gluten meal. Soybean meal is a promising feed ingredient in 

A. japonicus due to the high apparent digestibility of its protein (92.0 %) and essential amino 

acid digestibility (mean average 91.4 %). A fundamental assumption in fish feed formulation 

is that the digestibility of nutrients is additive, i.e., digestibility of a nutrient in one ingredient 

does not interact with the digestibility of the same nutrient in another ingredient. In the third 

trial, additivity of feed ingredients was tested using pork meal and poultry meal. The results 

indicate that the apparent digestibility coefficient of animal protein ingredients could be 

calculated from compound diets to accurately determine protein and amino acid digestibility 

in A. japonicus, and possibly other carnivorous fish species.

Dietary essential amino acid requirements were determined for juvenile A. japonicus in two 

trials. A dose-response study was conducted using crystalline lysine to determine the optimal 

requirement of dietary lysine for A. japonicus. Optimal dietary lysine was estimated at 31.7 g 

kg-1 dry diet, corresponding to 73.5 g kg-1 of dietary protein, based on specific growth rate 

and broken-line segmented regression analyses. Dietary requirements for other essential 

amino acids ranged from 22 g kg-1 (histidine) to 71 g kg-1 (leucine) crude protein.

The results of the present study provided a research tool that could be used to assess and 

verify the conclusions of earlier dietary work on A. japonicus and in further studies to 

develop least cost diet formulations for this species. The study also adds to the knowledge of 

the nutritional requirements of A. japonicus by providing information on the digestibility of 

plants and animal protein ingredients. It also contributes to future dietary research for this 

species because this study determines, for the first time, the most suitable methods for 

investigating the digestibility of raw materials for A. japonicus.
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PREFACE

This thesis is submitted as a collection of three different papers (each as a separate chapter), 

preceded by a general introdution. There are repetitive sentences in the introductions, 

methods and discussions for each of the papers.
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CHAPTER 1

INTRODUCTION

Globally, aquaculture is the most rapidly developing agricultural sector, attaining 73.8 

million tonnes of food fish in 2014 compared to the 70.3 million tonnes produced in 2013 

(FAO, 2016). Aquaculture production in Asia accounts for 89 % of the world aquaculture 

production, while Africa has contributed 2.3 % (FAO, 2016). South Africa's aquaculture 

industry is a small sector with local production of 4,802 tonnes in 2013, the marine 

aquaculture industry recording 2,985 tonnes and the freshwater aquaculture industry 

recording 1,816 tonnes (DAFF, 2014). The finfish subsector was the smallest contributor to 

total production, recording a production of 122 tonnes in 2013. The percentage contributed 

by the finfish sub-sector was 4.1 % (DAFF, 2014). The finfish sub-sector in South Africa is 

an emerging industry. Over the years, a number of species have been piloted to assess the 

feasibility and market access. Currently the only commercial finfish species being cultured in 

the local industry is dusky kob Argyrosomus japonicus (DAFF, 2014).

1.1. Research and development of dusky kob aquaculture in South Africa

Dusky kob (Argyrosomus japonicus Temminck and Schlegel, 1843) is a widely distributed 

sciaenid fish found in both hemispheres, along the entire south and eastern coast of Australia, 

where it is known as mulloway, and from Hong Kong northwards along the Chinese coast to 

southern Korea and Japan (Griffiths and Heemstra, 1995). In southern Africa, the species 

occurs on the eastern coast from Cape Point to southern Mozambique, but is especially 

abundant between Cape Agulhas and KwaZulu-Natal in South Africa (Griffiths, 1997). It 

grows to a large size with the maximum reported length being 175 cm TL, weight 75 kg and 

maximum age of 42 y (Silberschneider and Gray, 2008; Ferguson et al., 2014). It is a highly
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sought-after sports-fish species in estuarine and coastal waters in South Africa and southern 

Australia (Griffiths, 1997). The juveniles are commonly targeted by estuarine and surf zone 

anglers and the adults are targeted by commercial and recreational line-fishers beyond the 

surf zone (Hutchings and Lamberth, 2003). Argyrosomus japonicus is a euryhaline, 

gregarious, fast growing and highly fecund species that easily reproduces in captivity 

(Battaglene and Talbot, 1994; Fielder and Bardsley, 1999; Silberschneider and Gray, 2008). 

It has a relatively large mouth with caniniform teeth, sharp gill rakers and a short intestine 

with a large distensible stomach. It is regarded as a benthic carnivore but has been found to 

feed throughout the water column (Fielder and Bardsley, 1999; Silberschneider and Gray, 

2008).

Due to its large size, palatability and food value, A. japonicus has been targeted for decades 

by commercial, recreational and subsistence fisheries (Childs and Fennessy, 2013), which has 

resulted in exploitation far beyond optimal levels and the collapse of natural populations, 

with spawner biomass-per-recruit estimates of 1.0-4.5 % pristine values in South Africa 

(Griffiths, 1997). Due to the declining catches, and market demand, A. japonicus has been 

identified as a suitable candidate species for aquaculture (PIRSA, 2001). This has lead to 

substantial research effort regarding the potential culture of this species.

1.2. Dusky kob A. japonicus as a potential aquaculture species

Dusky kob aquaculture in South Africa has developed over recent years, supported by a 

limited number of hatcheries in the Eastern Cape, the Western Cape and KwaZulu-Natal 

(Shipton and Britz, 2007; DAFF, 2014). To date, A. japonicus have been grown in pilot, 

small-scale commercial facilities, in both onshore recirculating systems and sea cages. They 

have been successfully raised in cages in the warmer waters of Pemba, Mosambique and 

KwaZulu-Natal (Shipton and Britz, 2007).
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Recent work on optimizing tank-rearing conditions for juvenile A. japonicus has shown that 

densities of 50 kg per m3 are possible, with best growth and feed conversion at temperatures 

of 25.3 and 21.7 oC, respectively (Collett et al., 2008). Argyrosomus japonicus readily accept 

formulated feeds, tolerate a wide range of salinity, temperature and low oxygen levels 

making them an ideal candidate for farming in sea cages, coastal earthen ponds and 

recirculating aquaculture systems.

For the dusky kob aquaculture industry to be successful in South Africa, it is important to 

establish a suitable, least-cost diet for the species. At present, commercial dusky kob farmers 

use imported seabass feeds as there are no nutritionally complete, cost effective locally 

manufactured feeds based on locally available feed ingredients in South Africa. As protein is 

the most expensive dietary component, there is an urgent need to evaluate protein and amino 

acid digestibility of feed ingredients used in feed formulation.

Generally, protein requirements for growing marine finfish are between 35-55 % of total 

dietary intake (Rahnema et al., 2005; Kaushik and Seiliez, 2010). Using fishmeal based 

dietary formulations, Woolley et al. (2010) estimated the protein requirement for juvenile 

dusky kob (100-300 g) at 46 % (dry diet). Fishmeal has a balanced source of essential amino 

acids, fatty acids, vitamins, minerals and good palatability, and is often in high demand as the 

protein source for many formulated feeds (Tacon and Metian, 2008; Olsen and Hasan, 2012).

1.3. Fishmeal and other alternative protein sources for fish

Fishmeal has become a major ingredient in fish feeds because it promotes good feed 

efficiency and better growth and also enhances feed palatability (Tacon et al., 2011; Trosvik 

et al., 2013). High quality fishmeal has high biological value as a feedstuff, as it has a high
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level of digestible essential amino acids, such as lysine, methionine and threonine, which are 

often deficient in other protein sources (Olsen and Hasan, 2012).

The level of fishmeal in a feed formulation varies depending on a number of factors including 

the culture species and its trophic feeding level (carnivore or omnivore). In a typical 

commercial feed for carnivorous fish such as salmon, the required crude protein content 

varies around 42-50 % (NRC, 1993). What animals require are nutrients, which are provided 

by ingredients. The majority of the protein requirements in carnivorous species are 

traditionally made up of fishmeal.

According to FAO (2014), the aquaculture sector is at present the biggest consumer of 

fishmeal, with a share of 46 % of the total global fishmeal production. The growth of 

aquaculture and in particular, the focus on high value carnivorous species such as A. 

japonicus, which require high levels of dietary fishmeal is expected to rise because of the 

public attention that has shifted to the consumption of seafood products.

The use of fishmeal in the aquaculture industry as a major protein source in compound feeds 

has strongly contributed to increased demand and price for this product. Concern has been 

expressed that it may not be ethically acceptable to harvest fish for aquaculture feed which 

could be used directly as food for humans (Tacon and Metian, 2009; Olsen and Hasan, 2012). 

The ecological impact of overfishing is also a cause for concern. Future dietary inclusion 

levels of fishmeal within compound aquafeeds need to be decreased as wild supplies diminish 

and the market price increases (Tacon and Metian, 2008). The inconsistency of supply, and 

the growing demand and price are limiting the use of fishmeal and putting greater pressure on 

the feed industry to find economical alternative sources of protein.

In order to reduce the overreliance on fishmeal, researchers are looking towards alternative 

protein sources for fishmeal in dietary formulations (Gao et al., 2013; Aya et al., 2015; Chor
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et al., 2015; Jirsa, et al., 2015; Webster et al., 2015; Hernandez and Roman 2016; Krome and 

Focken, 2016; Minjarez-Osorio et al., 2016; Ribeiro et al., 2016; Rossi et al., 2016). Feed 

cost can be reduced by developing a better understanding of the nutritional requirements of 

the species. For example, by measuring the availability of essential nutrients in alternative 

feed ingredients and knowing the dietary requirements, it is possible to eliminate fishmeal 

from feed formulations for rainbow trout, Oncorhynchus mykiss (Barrows and Frost, 2014; 

Davidson et al., 2016). Researchers blend plant and animal protein concentrates, and 

supplement amino acids, to ensure that amino acid content of feeds with reduced levels of 

fishmeal meets or exceeds the amino acid requirements of the farmed fish (Hardy, 2010).

There are several protein sources that can partially replace fishmeal in aquaculture feeds 

without affecting the growth performance of the fish (Tacon and Metian, 2009; Kiron et al., 

2012). To be a viable alternative for fishmeal, a candidate ingredient must have a relatively 

high protein content, a favourable amino acid profile, high nutrient digestibility, and be cost 

effective and readily available in a form that can be in incorporated into commercial feeds 

(Hardy, 2010; Kaushik and Seiliez, 2010).

The replacement of fishmeal with alternative protein sources in diets for carnivorous fish 

species will be more challenging because they require higher levels of dietary protein. 

Omnivores are typically fed lower protein diets, while carnivores are fed high protein diets 

(Cowey, 2013).

A number of published reports are available regarding the suitability of plant and animal by­

product protein feeds as alternative protein sources for omnivorous and herbivorous fishes 

such as tilapia Oreochromis niloticus and African catfish Clarias gariepinus (El-Sayed, 1999; 

Fagbenro and Davies, 2001; Nyina-wamwiza et al., 2010). It is apparent from these studies 

that larger amounts of fishmeal could be replaced by plant protein sources in omnivorous
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species. However, research with alternative proteins (Gatlin et al., 2007; Murray et al., 2010; 

Chowdhury et al., 2012; Gartia-Ortega et al., 2016) showed that complete replacement by 

plant protein has been less successful with carnivorous species. These limitations have been 

primarily attributed to the presence of anti-nutritional factors in the plant-based materials, 

specifically soybean (Gartia-Ortega et al., 2016).

The inclusion of plant protein in aquafeeds is challenging due to the presence of anti­

nutritional factors. Anti-nutritional factors are defined as substances that interfere in food 

utilization and digestion, and affect the health and production of the animals (Francis et al., 

2001). Major classes of anti-nutritional factors include trypsin inhibitors, phytic acid (makes 

phosphorus unavailable), phytoestrogens (disrupt fish reproduction), alkaloids (affect feed 

palatability because of their bitter taste), glucosinolates (affect appetite and disrupt the 

synthesis of thyroid hormones), lectins (bind to carbohydrate, interfere with nutrient 

absorption and cause inflammatory phenomena) and phenolic compound (inhibits digestive 

enzymes) (Francis et al., 2001; Gatlin et al., 2007; Oliva-Teles et al., 2015). The presence of 

such substances in aquafeeds may significantly affect the nutritional value of ingredient 

sources and their use may result in a variety of physiological effects on fish (Francis et al., 

2001). Another negative characteristic of some plant-based protein sources is that they 

usually have low palatability, especially when fed to carnivorous fish (Hardy, 1996). Some of 

these anti-nutritional factors can be inactivated by a variety of methods such as dehulling, 

soaking and addition or heat treatment such as autoclaving, roasting and extrusion (Francis et 

al., 2001).

Essential amino acid profiles of plant protein sources do not match the dietary requirements 

of fish species. For example, corn gluten meal and wheat gluten meal are known to be low in 

lysine and arginine, whereas soybean meal, the most commonly used plant protein source in
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aquaculture feeds, is generally limiting in methionine. To overcome this problem, a common 

practice is to mix several protein sources in a way that they will give an amino acid profile 

that better supports normal fish growth (De Francesco et al., 2007).

Replacement of fishmeal with animal protein may be a more suitable alternative for 

carnivorous fish species. Animal proteins are generally free of anti-nutritional factors, 

cheaper than fishmeal, and do not have the carbohydrate content that can reduce palatability 

and digestibility. Animal protein sources such as meat and bone meals, blood meal, pork 

meal, hydrolysed feather meal and poultry by-product meal are widely used in aquafeeds 

(Forster et al., 2002). They are high in crude protein; however when used in isolation, they 

tend not to meet the requirements of the fish species because of the limited amount of 

essential amino acids. Lysine, methionine and isoleucine are generally the limiting amino 

acids in animal sources of fishmeal alternatives (NRC, 1993).

1.4. Nutrient requirements of fish

Proteins are an essential component of animal diets; they are needed for growth, 

development, reproduction and survival (Wu et al., 2013). In fish, proteins are the primary 

constituents of structural and protective tissue, soft organs, body fluids, enzymes and 

hormones (Anderson and Lall, 2005; Sabahelkhier et al., 2014). Protein is the major 

component of carnivorous fish diets and the most expensive component of formulated diets. 

The protein requirement needed to achieve maximum growth has been measured in fish 

species (Table 1.1).

Excessive protein in the diet results in excess nitrogenous waste and this can affect fish 

growth and feed costs, by decreasing feed performance and overall feed efficiency (Cho and 

Bureau, 2001). The optimum dietary protein level varies with a number of factors including
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fish species, life stage, quantity of non-protein energy, dietary protein quality and dietary 

amino acid composition. The dietary requirement for protein is essentially a requirement for 

amino acids, depending on the non-protein energy content of the feed.

Table 1.1. Dietary protein requirement (%) of selected juvenile finfish.

Species Scientific names Dietary
protein
requirements

Average 
weight (g)

Reference

Dusky kob Argyrosomus japonicus 46 100 Woolley et al., 2010
Asian seabass Lates calcarifer 40-50 1.34 Williams et al., 2003
Gilthead sea bream Sparus aurata 47 42.5 Gomez-Requeni, 2004
Rock fish Sebastes schlegeli 42 22 Song et al., 2014
Mulloway Argyrosomus japonicus 44-49 68 Pirozzi et al., 2010
Sunshine bass Morone chrysops x M. 

saxatilis
40 2.68 Rawles et al., 2012

Largemouth bass Micropterus salmoides 43.5 14.46 Portz et al., 2001
Shi drum Umbrina cirrosa 45.6 86.3 Akpinar et al., 2012
Red drum Sciaenops ocellatus 40 2 Serrano et al., 1992

Amino acids (AAs) provide nitrogen for the synthesis of protein and other biological 

molecules. Amino acids can be divided into two functional groups, essential and non­

essential (Wilson, 2002; Gatlin, 2010). The non-essential (dispensable) amino acids are those 

that can be readily synthesized by the fish and comprise alanine, asparagine, aspartic acid, 

glutamic acid, glutamine, glycine, hydroxyproline, proline and serine (Wu et al., 2013). The 

other amino acid group is considered as essential amino acids (indispensable) because the 

animal cannot synthesize them, and thus they have to be supplied in the diet. These comprise 

arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, 

tryptophan and valine (NRC, 1993). Some amino acids such as cysteine and tryrosine are 

considered semi-essential because they can only be synthesised from essential amino acid 

precursors. The presence of cysteine in the diet has a sparing effect on dietary methionine

8



requirements. Another example is the sparing effect of tyrosine on dietary phenylalanine. All 

studies to date on finfish have shown that fish require the same 10 essential amino acids as 

other vertebrates, which cannot be synthesized and therefore, must be supplied in the diet 

(Wilson, 2002; Wu et al., 2014). Dietary deficiency in any of the essential amino acids 

impairs protein synthesis, affects other vital biochemical productions and often suppresses 

fish growth in general (Wilson, 2002).

All the AAs needed to synthesize protein must be available at adequate balance for protein 

synthesis to occur. Research evidence has shown that besides their role as building blocks of 

protein and polypeptides, AAs are important regulators of key metabolic pathways that are 

necessary for maintenance, growth, reproduction and immunity in organisms, thereby 

maximizing efficiency of food utilization, enhancing protein accretion, reducing adiposity 

and improving health (Suenaga et al., 2008; Anderson et al., 2002; Aksnes et al., 2008). 

Dietary supplementation of AAs is expected to offset adverse effects of replacement of 

fishmeal in aquafeeds, thereby restoring growth (Li et al., 2009). Research evidence showed 

a crucial role for specific amino acid in physiology and metabolism in fish (Table 1.2).

Formulating cost-effective feeds that meet the essential amino acid (EAA) requirements of 

fish can be a challenge (Kaushik and Seiliez, 2010) and will depend on relevant data on both 

the EAA requirements of the fish and the EAA supplied in the dietary components. Amino 

acids can be involved in a wide variety of other metabolic processes besides protein 

synthesis, and are subjected to significant endogenous losses (Rodehutscord et al., 1997). The 

accurate determination of the requirement for each of the dietary EAAs and the contribution 

of non-essential amino acids (NEAAs) is considered the fundamental basis of protein and 

amino acid nutrition.
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Table 1.2. Roles of amino acids in physiological functions and metabolism of fish.

Amino acids Functions Species Reference
Arginine Kill invaded micro 

organism
Channel catfish Buentello and Gatlin, 

1999
Arginine and methionine Induce larva intestinal 

maturation
Seabass Peres et al., 1997

Alanine, glutamic acid and 
Serine

Appetite Many fishes Shamushaki et al., 
2007

Glutamate Ammonia removal Rainbow trout Anderson et al., 2002
Glycine Increase hepatic T4 5 

monodeiodinase
Rainbow trout Riley et al., 1996

Histidine Protection against pH 
change

Salmon Mommsen et al., 1980

Lysine and methionine Lipid transporter on 
mitochondrial membrane

Various fishes Harpaz, 2005

Leucine Immunity modulation; 
Cell signalling

Various fishes Li and Gatlin, 2007

Methionine Structure in membrane; 
neurotransmitter; betaine 
synthesis

Various fishes Mai et al., 2006

Phenylalanine and tyrosine Influence pigmentation Japanese flounder Yoo et al., 2000
Tryptophan Modulate cortisol 

release, behaviour and 
feeding

Rainbow trout Lepage et al., 2002

Taurine Gut development Cobia Salze et al., 2008
Proline Enhance growth; 

Collagen function
Salmon Aksnes et al., 2008

When the fishmeal component in a fish diet is replaced by alternative protein sources, 

meeting adequate levels of dietary protein alone does not guarantee adequate levels of 

essential amino acids. This is because the amino acid profile of alternative proteins tends not 

to match those of balanced diets to the extent that fishmeal does (Hardy, 2008). Hence, while 

diets based on alternative protein sources may provide sufficient protein, unless essential 

amino acids are adequately supplemented, such diets will decrease fish growth. The growing 

fish fed such a diet would use very few amino acids for energy. The amino acids would be 

used efficiently for maintenance and the synthesis of new structural proteins which would 

result in maximum feed efficiency and growth (Halver and Hardy, 2002; Gatlin, 2010). 

Cowey (1995) reported that non-protein ‘energy yielding’ nutrients like lipids and
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carbohydrates can improve the utilization of dietary protein by means of a protein sparing 

effect. Insufficent protein can impair fish productivity; however, if too much protein is 

supplied, only part of it will be used to synthesize new tissue and the remainder will be 

metabolized and used as an energy source (Wilson, 2002). Therefore, adequate measures 

should be taken when formulating diets to minimize the amount of protein used for energy. 

Determining the dietary requirement of EAAs is an essential aspect of developing least-cost 

complete feeds for a given fish species. Essential amino acid requirements have been 

established for a number of species of fish, examples of which include bluegill Lepomis 

macrochirus (Masagounder et al., 2011), gilthead seabream Sparus aurata, European seabass 

Dicentrarchus labrax, turbot Psetta maxima (Kaushik, 1998), pacu Piaractus mesopotamicus 

(Abimorad et al., 2010), seabream (Zhou et al., 2010), chum salmon Oncorhynchus keta, 

Japanese eel Anguilla japonica (Akiyama et al., 1997), Atlantic halibut Hippoglossus 

hippoglossus, yellow tail Seriola quinqueradiata, Japanese flounder Paralichtys olivaceus 

(Kim and Lall, 2000) and largemouth bass Micropterus salmoides (Portz and Cyrino, 2003).

Currently the lack of data on the nutrient requirements of South African A. japonicus is one 

of the major technical constraints for developing low-cost and nutritionally complete diets. 

Presently, there is no available information on the EAA requirement of the species.

1.5. Ideal protein concept using lysine as a reference amino acid

The ideal protein concept refers to dietary protein that supplies exact requirements of amino 

acids with no deficiency and no excess, to support optimal growth performance (Wang and 

Fuller, 1989; Firman and Boling, 1998). The ideal protein concept uses lysine as a reference 

amino acid, with the requirements for all other essential amino acids expressed as a 

percentage of lysine (Wilson, 2002). Baker and Han (1994) report that using lysine as 

reference amino acid has several advantages over other essential amino acids. Lysine is the
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first limiting amino acids in many plant protein sources (Hauler and Carter, 2001; Mai et al., 

2006). In addition, the sole function of lysine is in protein synthesis, it has no precursor role 

compared to other essential amino acids (Kerr and Easter, 1995), and therefore, the 

requirements of other EAAs are generally expressed relative to lysine requirement. On this 

basis, if the requirement of dietary lysine is known, the requirements of the remaining EAAs 

can be estimated from the ratio of the whole body amino acid pattern (A/E ratio) of species in 

a much shorter time and at far less cost (Akiyama et al., 1997). Requirements of EAAs based 

on this method have been determined in a number of species including colliroja Astyanax 

fasciatus (Furuya et al., 2015); European seabass Dicentrarchus labrax, gilthead seabream 

Sparus aurata, turbot Psetta maxima (Kaushik, 1998); largemouth bass Micropterus 

salmoides (Dairiki, 2007) and bluegill Lepomis macrochirus (Masagounder et al., 2009).

The ideal protein model is aimed at dietary digestible amino acid levels, which supply the 

correct amount of essential amino acids, whereby nitrogen excretion in waste can be 

minimized. This will result in significant cost saving in diet formulation for animal 

production, since if an excess of protein is supplied, only part of it will be used for somatic 

growth. In addition, the ideal protein concept requires less time and is less costly than 

determining the amino acid requirements of the fish by conventional methods such as the 

dose-response method. This is especially valuable and meaningful for those emerging fish 

species for which nutritional work has not yet been fully conducted.

Applying the ideal protein concept, the evaluation of dietary lysine requirement must be 

carried out with great accuracy. This is because it is the basis of the requirements for all the 

remaining essential amino acids. Any error in the lysine requirement will translate into an 

erroneous estimate for all the other essential amino acids (Barker and Han, 1994; Emmert and 

Baker, 1997).
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Evaluation of lysine requirement is of particular importance in the research of fish nutrition 

(NRC, 2011). This is because lysine is an EAA that is extensively required for optimum 

growth and is one of the most limiting EAAs in protein sources commonly used in fish 

feedstuffs (Wilson, 2003); especially in those feed formulations that are based on plant 

protein sources. These plant proteins are utilized to replace fishmeal in the formulation of 

low-cost and economical feed for fish. Deficiency in lysine typically results in loss of 

appetite and reduction in growth performance (Mai et al., 2006). Feeding a diet that has 

higher than the requirement level of dietary lysine does not improve performance and feed 

utilization, but rather reduces growth, and feed efficiencies (Mai et al., 2006; Deng et al., 

2010). Therefore, an optimal dietary inclusion level of lysine is required in advance to 

formulate nutritionally complete and cost effective fish feeds.

1.6. Digestibility of nutrients

Digestibility is a key factor in evaluating the potential of an ingredient for use in the diet of 

an aquatic species (Glencross et al., 2007), and should be given priority in nutritional studies 

that are aimed at evaluating the potential of feed ingredients for use in the diet of an animal. 

The nutritional value of a feed is not exclusively based on its chemical composition but also 

depends on the quantity of nutrients and energy that are assimilated and utilised (NRC, 1993). 

A feed may contain the adequate amount of nutrients formulated for a species but will just be 

wasted and detrimental to the environment if not efficiently assimilated. An effective feed 

can be prepared when information on digestibility of nutrients in feedstuffs has been 

considered in its formulation (Catacutan et al., 2003). Determining the digestibility of 

nutrients in feedstuffs is important to enable the formulation of diets that maximize the 

growth of cultured fish, by providing appropriate amounts of available nutrients (Lee, 2002; 

Glencross et al., 2007). Apparent digestibility coefficients are also necessary to allow

13



experimental and commercial feeds to be formulated on a digestible rather than a gross 

nutrient basis.

Recently, there has been much interest in formulating diets on a digestible amino acid basis 

(Masagounder et al., 2009; Hernandez et al., 2010; Lu et al., 2015; Glencross et al., 2016). 

Formulating diets using this approach will result in a decrease in feed cost as well as a 

decrease in excess nutrients being excreted into the environment. Nutrient digestibility is the 

difference between the nutrients ingested and the nutrients excreted in faeces (NRC, 2011).

Protein and amino acid digestibility can be expressed as true or apparent, depending on the 

corrections made by the contribution of endogenous nitrogen production. True digestibility 

can be determined by the difference between the amount of amino acids in the diet and the 

faeces, considering the endogenous losses of amino acids that are subtracted from the total 

amino acids in the faeces (Sakomura and Rostagno, 2007). When a diet without protein is fed 

to the animal, the nitrogen observed in faeces is derived from the enzymes, mucins, amides, 

amines, bacteria and cell desquamation of the intestinal mucosa during the passage of food or 

chime. Souffrant (1991) confirmed that the main components of these endogenous secretions 

are digestive enzymes and mucoproteins. There are quite a number of reports on true 

digestibility values of amino acids in various fish species, as found by Ambardekar et al. 

(2009), Wilson et al. (1981) for channel catfish Ictalurus punctatus and Anderson et al. 

(1992) for Atlantic salmon Salmo salar and red sea bream Pagrus major. Their results reflect 

great variability, which may be related to species, fish size, environmental condition such as 

water temperature (Bendiksen et al., 2003), dissolved oxygen concentrations, time of faeces 

collection (Allan et al., (1999) and the method of faeces collection (Austreng, 1978). 

Apparent digestibility is estimated by subtracting the nutrients contained in the faeces from 

the nutrients contained in the dietary intake but does not take into account the endogenous
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losses, and the higher the dietary protein level, the lower the contribution of endogenous 

lossess in faecal matter.

The main assumption in the use of protein and amino acid digestibility values is that 

digestibility coefficients determined for individual feed ingredients are additive in compound 

diets, suggesting the absence of interactions among ingredients and no influence due to 

dietary inclusion levels (Sales, 2009). Test diets for evaluating digestibility values for fish 

usually involve mixing a test ingredient (30 %) with a reference diet (70 %), or 50:50 ratio 

that includes an indigestible marker for indirect digestibility. A reference diet is included in 

the test diet to maintain adequate palatability and to satisfy the species requirements for 

essential nutrients. Although this approach is considered standard, it has been reported that 

the inclusion of a reference diet may interfere with the nutrient digestibility of the test 

ingredient with regards to carbohydrate and their level in the diet (Lupatsch et al., 1997) and 

cause erroneous digestibility values. Some researchers have used single protein sources to 

measure digestibility of feedstuffs (Masagounder et al., 2009; Lupatsch et al., 1997). 

Problems associated with this method may include poor water stability, nutrient deficiency 

and poor acceptability (Masagounder et al., 2009). Researchers have established that protein 

and amino acid digestibility should be tested for additivity in feed ingredients (Lupatsch et 

al., 1997; Sales, 2009).

1.7. Digestibility determination techniques

The direct method for determining digestibility coefficients for animals is the total collection 

method, which involves a quantitative record of the nutrients consumed and those voided in 

the faeces (Austreng, 1978). The apparent digestibility coefficients are calculated by the 

quantitative measurement of the nutrients in the feed consumed and in the faeces (Hajen et 

al., 1993). However, measuring digestibility in an aquatic environment is more difficult than
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in terrestrial animals, as nutrients can leach from the faeces into the water before faeces 

collection and faeces can be contaminated with uneaten feed (Allan et al., 1999). Therefore, 

an indirect method, which involves the use of an indigestible marker in the diet, has been 

developed (Maynard and Loosli, 1969). Using the indirect method, the total collection of 

faeces is unnecessary. The digestibility can be calculated from the ratio of nutrients in a 

representative portion of the feed and the faeces (Hajen et al., 1993). To be an effective 

marker, it must not interfere with the digestive process of the animal or gut micro flora; not 

be absorbed or metabolized; have the same rate of passage through the gut as the 

experimental diet (Maynard and Loosli, 1969; Alan et al., 2005); and it must be possible to 

analysed it accurately in feed and faeces (Owens and Hanson, 1992). There are two classes of 

markers, namely external (those that are added to a diet) and internal (those that are 

inherently present as natural components of a diet) (Hajen et al., 1993).

The utilization of internal indigestible components or the addition of external indigestible 

markers eliminates the need for quantitative faeces collection but requires that a 

representative faecal sample be collected (Maynard and Loosli, 1969). A number of external 

markers have been used for nutritional studies, with chromic oxide being the most widely 

used in work with fish (Reyes et al., 2015; Rossi et al., 2016). Alternative markers include 

acid-insoluble ash, polyethylene, titanium dioxide, barium oxide and yttrium (Sugiura et al., 

1998; Riche et al., 1995; Austreng et al., 2000; Krontveit et al., 2014).

An internal marker is a chosen substance, which forms an integral part of the feed consumed 

by the animal (Marais, 2000). It has the advantage of being cheap and convenient, and may 

be particularly useful in experimentation with wild or free-ranging animals, which are 

difficult to dose with an external marker (Marais, 2000). Examples include acid-insoluble ash
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(Tacon and Rodrigues, 1984; Atkinson et al., 1984) and polyethylene (Tacon and Rodrigues, 

1984).

Since over 30 % of the faecal nitrogen is highly water soluble (Lied et al., 1982), it is 

technically difficult to collect faeces without any leaching of soluble compounds, therefore, 

the faecal collection method can affect digestibility estimates of a diet (Glencross et al., 

2005). The effect of the faecal collection method on digestibility estimates has been studied 

at length with different species of fish (Spyridakis et al., 1989; Rawles et al., 2010).

Several techniques have been used to collect faecal material from fish. In order to avoid any 

leaching in the water, fish could be taken out of the water and the faeces sampled directly by 

dissection (Austreng, 1978), stripping or anal suction. Alternative methods for the collection 

of faeces in the water include the collection of decanted faeces from within the tank (Smith 

and Lovell, 1971), from effluent water via filtration (Ogino et al., 1973) or decantation 

columns-the Guelph system (Cho and Slinger, 1979) and from continuous effluent 

filtration/faeces removal (Choubert et al., 1979).

There has been concern among researchers regarding the degree of nutrient leaching with the 

various methods of faeces collection. Windell et al. (1978) observed that the most nutrient 

leaching from faeces occurs during the first hour after defaecation. Some authors calimed that 

systems that remove faeces from the water swiftly cause minimum leaching, while others 

claimed that breakage of faeces pellets during collection is the major cause of nutrient 

leaching (Hajen et al., 1993). Cho et al. (1982) showed that results obtained by intestinal 

dissection and by anal suction were not significantly different from the results obtained by the 

Guelph system for nutrient digestibility. This would indicate that nutrient leaching was not an 

important source of error with the Guelph system.
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1.8. Need for research in dusky kob nutrition

For the dusky kob farming industry to reach its potential in South Africa, locally produced 

and cost effective feeds must be developed. To date there are no commercial feeds 

manufactured exclusively for dusky kob and farmers rely on imported commercial finfish 

feed, which are based on trout and seabass formulations. The cost of purchasing and 

delivering feeds remains the single highest operating cost for carnivorous fish culture, often 

accounting for as much as 60 % of on-farm operating costs (De Silva and Hasan, 2007). 

Globally, aquafeed costs are primarily driven by the international availability and price of 

fishmeal, and the prevailing currency exchange rates. Low-cost locally available alternatives 

to fishmeal need to be identified in order to develop the cost effective production of dusky 

kob in South Africa. The major issues associated with feed development include an 

understanding of the nutritional requirements of the species, and access to a diverse range of 

ingredients for which the nutritional limitations, with respect to the ingredient and the species 

are known (Glencross et al., 2007). The first task in evaluating the potential of any ingredient 

for inclusion in finfish diets should be the determination of its proximate composition and 

apparent digestibility (Allan et al., 1999; Glencross et al., 2007). Preferably, amino acid 

digestibility of an ingredient should be investigated, because high protein digestibility by 

itself is not necessarily commensurate with the availability of amino acids, in particular the 

essential amino acids, which should be available in sufficient quantities and in the correct 

proportions for the fish (De Silva et al., 2000). The use of the apparent digestibility 

coefficient of an amino acid is necessary to establish the “digestible” AA requirement for 

growth and maintenance of A. japonicus. Collection of faecal matter from fish is a difficult 

process, and collection methods must ensure digestibility coefficients are accurate (Allan et 

al., 1999). In order to effectively evaluate available nutrients in feed ingredients, it is
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necessary to establish a suitable technique for faecal collection and identify a reliable marker 

for the species.

Presently, there is no published information on EAA requirements for A. japonicus. Typically 

lysine is one of the principal limiting essential amino acids commonly encountered in fish 

feed formulations. Knowing the requirement of lysine, then the requirement for other EAAs 

could be estimated based on the ideal protein concept. Improved dietary formulation could be 

achieved by measuring the availability of EAAs in alternative feed ingredients and matching 

it with the EAA requirements of A. japonicus.

This thesis was designed to establish adequate techniques for faecal collection and the 

validity of digestibility markers for A. japonicus. It also documents digestibility information 

for novel feedstuffs, which could partially or wholly replace fishmeal in diets for A. 

japonicus. In addition, this study establishes the optimal lysine requirement for A. japonicus, 

which was used to calculate each of the essential amino acid requirements by using the ideal 

protein concept.

1.9. Aims and objectives

The current study should be viewed as a continuation of a broader research project initiated 

by Rhodes University to the development of least-cost, nutritionally balanced diets for dusky 

kob using locally available feedstuffs. The aims of this study were to investigate the amino 

acid requirements of South African dusky kob Argyrosomus japonicus and to provide 

information on the potential of alternative feed ingredients to reduce or replace fishmeal in 

the diet for this species.
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The objectives were to:

1. identify a suitable faecal collection technique in the digestibility of A. japonicus

2. identify a suitable marker for digestibility studies in A. japonicus

3. evaluate protein and amino acid digestibility of some feed ingredients in A. japonicus

4. compare two methods used to determine apparent protein and amino acid digestibility 

values for A. japonicus

5. determine the optimal dietary lysine requirement for juveniles of A. japonicus

6. determine the whole body amino acid composition of juvenile dusky kob and evaluate 

the optimum dietary essential amino acid profile for dusky kob, A. japonicus.
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CHAPTER 2

A COMPARISON OF DIETARY MARKERS AND FAECAL COLLECTION 

METHODS TO ESTIMATE APPARENT DIGESTIBILITY

2.1. INTRODUCTION

The measurement of apparent digestibility coefficients (ADCs) of nutrients and energy is 

essential for effective animal nutrition research and for establishing the nutritional value of 

feed ingredients (Glencross et al., 2007). Before any ingredients can be effectively evaluated 

in terms of their nutrient digestibility, a reliable method for measuring nutrient digestibility 

coefficients must be in place (Kim et al., 2011). The direct method of faecal collection in 

aquatic environments is time consuming, as it requires an accurate quantitative assessment of 

feeds fed and faecal production, which is problematic in an aquatic environment (Hajen et al., 

1993). Due to the inherent difficulties encountered with quantitative collection of faeces over 

an extended period of time, the most widely employed method for the estimation of nutrient 

digestibility is the indirect approach, involving the use of an inert dietary marker to estimate 

digestibility (Hajen et al., 1993). The use of markers enables the digestibility coefficients to 

be calculated by assessing the changing ratio of the marker concentration within the faeces 

relative to the dietary marker concentration in the nutrient (Maynard and Loosli, 1969). Using 

the indirect method, the quantitative total collection of all faeces is unnecessary as the 

digestibility can be calculated from the ratio of nutrient to marker in the feed and faeces 

(Maynard and Loosli, 1969).

A marker is an indigestible reference compound that may be used to assess physical and 

chemical aspects of digestion (Owens and Hanson, 1992; Pozza et al., 2013). Markers
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provide a means of calculating the digestibility when complete collection of faeces from a 

known quantity of feed consumed cannot be undertaken (Pozza et al., 2013).

Chromic oxide (Cr2O3) is the most commonly used marker in digestibility studies in fish. It 

has been used extensively in studies with sunshine bass Morone chrysops x M. saxatilis 

(Rawles et al., 2010); largemouth bass Micropterus salmoides and bluegill Lepomis 

macrochirus (Masagounder et al., 2009); gilthead seabream Sparus aurata (Lupatsch et al., 

1997; Couto et al., 2016); mulloway A. japonicus (Booth et al., 2013); European seabass 

Dicentrarchus labrax and meagre Argyrosomus regius (Magalhaes et al., 2015); post-juvenile 

chinook salmon Oncorhynchus tshanytscha in sea water (Hajen et al., 1993) and tilapia 

Oreochromis niloticus (Falaye and Jauncey, 1999; Vidal et al., 2015). However, some results 

have brought into question the validity of using chromic oxide (De Silva et al., 1997). In 

tilapia, it has been reported that chromic oxide (Cr2 O3 ) may partially separate from the food 

during ingestion and passage through the gut resulting in unreliable digestibility estimates. In 

addition, studies with tilapia hybrids have shown that carbohydrate utilization is affected by 

chromium supplementation, indicating that chromium may not be entirely inert (Hanley, 

1987).

Several alternative markers have been proposed as suitable as chromic oxide. For example, 

titanium dioxide (TiO2) has been used as a marker with excellent recovery rates in Atlantic 

cod Gadus morhua (Lied et al., 1982) and rainbow trout Oncorhynchus mykiss (Weatherup 

and McCracken, 1998). Richter et al. (2003) concluded that TiO2 is an acceptable marker for 

Nile tilapia Oreochromis niloticus. Trivalent oxides of yttrium have been preferred to 

chromic oxide because they are more easily dissolved for analysis (Austreng et al., 2000). In 

salmonid fish, oxides of yttrium and lanthanides have been used in digestibility studies 

(Hillestad et al., 1999; Sugiura et al., 1998).
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Acid-insoluble ash (AIA), primarily comprising silica, occurs naturally in diets and is the 

most common internal marker used in digestibility studies (Sales and Janssens, 2003). It has 

been validated for use in mammals (Van Keulen and Young, 1977), poultry (Vogtmann et al., 

1975) and penaeid shrimp Penaeus monodon (Deering et al., 1996). Similarly, Sales and 

Britz (2002) and Goddard and McLean (2001) identified AIA as a reliable, replicable and 

safe internal marker for use in nutrients digestibility studies with Haliotis midae and 

Oreochromis aureus respectively. The most suitable marker for A. japonicus has not been 

determined (based on scientific laboratory findings). Where internal AIA is not present in 

sufficient quantities for accurate measurement in fish samples, it has been supplemented with 

external sources. Celite, an acid-washed, diatomaceous silica powder (Atkinson et al., 1984; 

Morales et al., 1999) and acid-washed sand (Tacon and Rodrigues, 1984) have successfully 

been used as external sources of AIA in digestibility studies of various fish species (Goddard 

and Mclean, 2001, Li et al., 2008 and Tibaldi et al., 2015).

In rainbow trout, Tacon and Rodriques (1984) compared Cr2O3, crude fibre, polyethylene and 

AIA, and they concluded that Cr2 O3 and crude fibre were the most reliable dietary markers 

for the estimation of digestibility. Chromic oxide was also the most suitable marker for red 

drum Sciaenops ocellatus (Rossi et al., 2016). Atkinson et al. (1984) evaluated AIA and 

Cr2O3 as dietary markers for rainbow trout, they reported AIA as a suitable dietary marker. 

Morales et al. (1999) compared AIA, crude fibre and Cr2 O3 as dietary markers and concluded 

that crude fibre was an effective marker for digestibility trials with rainbow trout.

To date, there have not been any comparative studies to determine the most appropriate 

dietary marker for A. japonicus. Therefore there is need to evaluate dietary markers in order 

to select the most suitable one for this species.
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The most common faecal collection techniques in fish include the collection of faeces from 

the lower part of the intestine by stripping (Nose, 1960), suction (Windell et al., 1978) and 

intestinal dissection (Smith and Lovell, 1971). Although, dissection, stripping and anal 

suction methods of faecal collection avoid leaching problems, the assumption that digestion 

and absorption are completed when the digesta has reached the distal end of the large 

intestine may prove unfounded and lead to an underestimation of nutrient digestibility (Allan 

et al., 1999). In addition, faecal samples are easily contaminated with blood, slime, semen or 

eggs. During stripping, there is a requirement to anaesthetize the fish prior to handling and 

this appears to induce sudden defecation and acceleration of intestinal transit (Spyridakis et 

al., 1989; Amirkolaie et al., 2005). Furthermore, intestinal sampling techniques are not 

applicable to small fish because of the insufficient sample size that can be collected on any 

single occasion (Glencross et al., 2007; Blyth et al., 2015).

Another alternative technique for assessing the digestibility without manipulating the animals 

has been developed. Ogino et al. (1973) developed a method in which faeces are collected by 

passing the effluent water from the fish tank through a filtration column (TUF-System). 

Faeces were siphoned out of the base of the tank into the collection column, from where they 

were gathered and settled at the base of the column. The system was easy to use and could be 

adapted to any tank system. However, it was difficult to use with larger fish in big tanks as 

the angle of the tank needed to be tilted.

Choubert et al. (1982) built a separate system in which a conveyor belt was used to collect 

faeces from the effluent and then dry them. In this process, collection occurs within six to 

fifteen seconds after expulsion of faeces, with positive effects on reduction of leaching since 

faeces are in contact with water for a minimal period of time. However, the cost of the 

equipment and the system maintenance, in particular when working with salt water, which 

speeds up deterioration of the material, makes the use of this system unpopular.
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Cho and Slinger (1979) developed the Guelph system as a method of faecal collection. 

Special conical tanks with a sloping bottom and a long, narrow drain are required for this 

system. The bottom of the column includes a control device for collecting faeces and uneaten 

feed, and for emptying the tank. The velocity of the water flow is adjusted to maximize the 

recovery of the faeces in the settling column. The advantage of this method is that fish do not 

need to be killed (by dissection) or excessively handled (by stripping) in order to collect 

faeces. Fish are maintained in tanks and the faecal material is collected in a settling column. 

The disadvantage associated with this method is that soluble material could be lost from 

faeces due to leaching. However, Cho and Slinger (1979) showed that results obtained by 

intestinal dissection and by anal suction in a digestibility experiment with rainbow trout were 

not significantly different from the results obtained using the Guelph system.

Given that the faecal collection method clearly influences the accuracy of nutrient 

digestibility coefficients, there is a need to establish and validate the most appropriate 

collection technique for A. japonicus.

The overall aim of this study was to determine the most suitable faecal collection methods for 

dusky kob A. japonicus and to determine the most suitable marker for use in digestibility 

studies.

The objectives of this study were: (1) to validate the gut evacuation period in dusky kob, (2) 

to evaluate the suitability of different markers (chromic oxide, titanium dioxide and acid- 

insoluble ash) for use in digestibility studies with A. japonicus and (3) to establish the most 

suitable faecal collection methods for determining apparent nutrient digestibility in A. 

japonicus.
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2.2. MATERIALS AND METHODS

2.2.1. Study site

The digestibility trials were carried out at the Rhodes University Marine Research Laboratory 

in Port Alfred (33°45' S, 26°00' E) South Africa.

2.2.2. Experimental facilities and faecal collection

Approximately 10 % of the 10 000 L recirculating system’s water was replaced daily with 

seawater pumped from the Kowie River Estuary. The recirculating system also includes a 

solids removal settlement tank (350 L) and a biological filter (1000 L; Ecotao South Africa). 

Water was circulated using four submerged, electrical pumps (Resun/P8500ECO, AC 220- 

240V~50Hz 90W) in series that delivered water at 20 L min-1 tank-1. The systems comprised 

18 circular tanks, each with 350 L water capacity (Figure 2.1). These tanks were used to hold 

the fish used for stripping and those used in the dissection method (Section 2.2.7). Each tank 

was aerated using air stones and water temperature was controlled using a heat pump (SIRAC 

LSQ20R, 3.7 kW).

A modified Guelph system (settlement tank) was constructed to hold the fish used to collect 

data for the settlement treatments, and consisted of fifteen fiberglass, sloping-bottom tanks 

(volume: 90 L) configured to promote rapid faecal collection. These tanks were connected to 

the same recirculating system as the fish holding system and received water at a rate of ten 

litres per minute (Figure 2.2). A pipe with a small opening (diameter of five millimetres) was 

attached to the base of the collection cylinder. The hydrodynamic properties of the system 

allowed faeces to settle at the base of the column and accumulate in the collection cylinder 

from where they could be collected. The tanks were flushed within one hour after feeding to 

remove any residual particulate matter such as residual faeces or uneaten feed. The following
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morning, prior to feeding, faecal matter, which had settled overnight, was collected in plastic 

bottles and frozen at -20 oC for analysis.

2.2.3. Environmental variables

The mean (± standard deviation) temperature (23.2±0.2 oC) dissolved oxygen (4.7±0.3 mg L- 

1) and pH (7.6) during the trial were measured daily with a hand-held electronic probe (Hanna 

Instruments HI 98128, Rhode Island, USA). Total ammonia nitrogen (0.2±0.2 mg L-1) was 

measured once a week using a spectrophotometer (Spectroquant Pharo 100, Darmstadt 

Germany) and commercially available test kits (Merck KGaA, Darmstadt, Germany). Salinity 

(34±0.7 g L-1) was measured daily with a refractometer (Atago S/Mill-E, Tokyo, Japan). A 

natural photoperiod was maintained throughout the experimental period (13 h light : 11 h 

darkness).

Figure 2.1. Circular tank in which dusky kob were kept when fed the trial diets which formed 
part of the recirculating system that was described in detail in Section 2.2.2.
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Figure 2.2. Settlement tanks (modified Guelph system) were connected to the recirculating 
system.

2.2.4. Experimental fish

Hatchery-reared dusky kob were supplied by Pure Ocean Pty Ltd (East London, South 

Africa) and acclimated to laboratory conditions for a one-month period. Prior to the trial, 

during the acclimation period, they were fed a commercial finfish diet once daily to apparent 

satiation (45 % protein and 18 % lipid; Marifeed Pty Ltd, South Africa). Fish were distributed 

to their respective tanks seven days prior to the faecal-collection period to allow for 

acclimation to experimental diets. Nineteen juvenile A. japonicus (mean weight: 70±0.2 g)
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were randomly assigned to each of the eighteen (350 L) circular and fifteen (90 L) conical 

digestibility tanks, for stripping, dissection and settlement faecal collection methods. For all 

treatment groups, no fish was used more than once in any treatment.

2.2.5. Experiment 1: Gut evacuation period

The fish were stocked into each of the settlement tanks (Section 2.2.2, Figure 2.2) and were 

fed to satiation between 08:00 h and 10:30 h. Routine tank cleaning followed the same 

procedure as described above. The faeces were collected from each tank every two hours for 

24 h after feeding and the masses of recovered faeces were recorded.

2.2.6. Experiment 2: Comparison of dietary markers

Diets were formulated to include 0.5 % of each dietary marker, i.e. celite for AIA, Cr2O3 and 

TiO2 (Table 2.1). Each treatment combination was randomly assigned to the fish that were 

stocked into three of the settlement tanks (Figure 2.2), to make three replicates per treatment. 

The duration of the digestibility trial was twenty-one days: seven days to acclimate to the 

diets and fourteen days for faecal collection. Diets were fed to apparent satiation between 

10:30 h and 13:30 h (maximum faecal collection time was estimated from Section 2.2.5). 

Tank cleaning, faecal collection and storage followed the same procedure as outlined in 

Section 2.2.2. Daily faecal collections from each tank were pooled over consecutive days, 

oven dried at 60 oC for 24 h, and stored at -20 oC for analysis.

Three experimental diets were formulated containing three dietary markers. Diet 1 contained 

0.5 % chromic oxide, Diet 2 contained 0.5 % Celtic-diatomaceous earth and Diet 3 contained 

0.5 % titanium dioxide. Each diet was analysed separately. Three replicate groups of fish 

were used to test each dietary formulation (Table 2.1). Sources and compositions of all the 

feed ingredients used in the formulation of experimental diets are presented in Appendix 1.
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The dry ingredients were weighed and mixed with an industrial food mixer (Macadam’s 

Baking Systems, SM-201, Cape Town, South Africa). The fish oil and water were 

subsequently introduced to the dry ingredients and mixed to a homogenous dough. The dough 

was cold-extruded (ICME Motor electric Bologna, Italy), cut into pellets (2-mm), placed on 

trays and dried at 40 oC for 16 h and then frozen at -20 oC until used.

Table 2.1. Diet formulation and proximate analysis of the experimental diet.

Ingredients

Acid insoluble ash-diet 
(g/100g feed)

Chromic oxide diet-diet 
(g/100g feed)

Titanium dioxide-diet 
(g/100g feed)

Fishmeal standard 50.0 50.0 50.0
Soybean meal 14.0 14.0 14.0
Corn starch 23.0 23.0 23.0
Carboxymethylcellulose 2.5 2.5 2.5
Marine fish oil 8.0 8.0 8.0
Vitamin/mineral premix 2.0 2.0 2.0
Acid insoluble ash 0.5 - -
Chromic oxide - 0.5 -
Titanium oxide - - 

Proximate analysis of the experimental diet (dry matter basis)

0.5

Dry matter (%) 93.8 95.0 95.1
Protein (%) 43.0 41.7 45.5
Lipid (%) 10.7 11.6 9.6
Energy (MJ/kg) 20.0 18.1 22.4
Acid insoluble ash 0.3 - -
Chromic oxide - 0.49 -
Titanium oxide - - 0.53

2.2.7. Experiment 3: Comparison of faecal collection methods

Fish were stocked in both the circular tanks and settlement tanks (Section 2.2.2). Using the 

most effective marker established in Section 2.2.6, tests were carried out to compare apparent 

digestibility of feed when faeces were collected by stripping, dissection and collection from
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the settlement tanks. Each treatment combination was randomly assigned to three 

experimental tanks. Daily faecal collections for each individual tank were pooled, oven dried 

at 60 oC for 24 h, and stored at -20 oC for chemical analysis.

Stripping method

The stripping was performed once every three days to minimize stress due to handling, six 

hours after the morning feeding before defaecation. Feaces were collected before defaecation, 

which in dusky kob starts 8-h post feeding (Section 2.3.1). Fish were removed from their 

respective tanks and placed in a smaller aerated tank containing the anaesthetic 2-phenoxy- 

ethanol (0.2 ml L-1). Once anaesthetized, the fish were removed and blotted dry. To extract 

faeces, wet paper was placed over the head region of the fish to restrict movement and secure 

the fish, and gentle pressure was applied just above the anus with the thumb and forefinger, 

extracting faeces from the distal intestinal tract. Care was maintained to ensure that the faeces 

were not contaminated by urine, mucus or other contaminants from the collection vessels 

(Glencross et al., 2005; Rawles et al., 2010).

Dissection method

Digesta were collected by dissecting six fish from each tank at the end of the experiment. 

Fish were euthanized using anaesthetic 2-phenoxy-ethanol (8.0 ml L-1 overdose) and faecal 

material contained in the terminal end of the intestine was removed (Austreng, 1978).

Settlement method

Nine of the tanks that formed part of the system described in Section 2.2.2 were used in this 

experiment. Faeces were collected from all the nine settlement tanks using the same method 

described in Section 2.2.2.
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2.2.8. Chemical and digestibility analysis

All laboratory proximate composition analyses (crude protein, lipid and energy) followed 

procedures recommended by the Association of Official Analytical Chemists (AOAC, 2003). 

Dry matter was calculated by gravimetric analysis following oven drying at 100 °C for 24 h. 

Chromic oxide was determined by spectrophotometric analysis following digestion in a 

Kjeldhal system with nitric and perchloric acid (Lied et al., 1982). Titanium was measured 

spectrophotometrically after digestion using atomic absorption spectrophotometry according 

to Short et al. (1996). Acid-insoluble ash was determined by digesting the feed or faeces for 

30 min in 200 mL 4HCL, filtering through ashless filter paper (Whatman no. 41) with boiling 

water until free of acid and ashing for six hours at 650 oC. Crude protein was determined 

using the Dumas combustion method in a LECO FP2000 Nitrogen analyser (AOAC, 2003). 

Lipid was extracted from the samples by solvent petroleum ether using a Buchi 810 Soxhlet 

fat extractor (AOAC, 2003). The lipid percentage was calculated by gravimetric analysis. 

Gross energy was determined using a bomb calorimeter (DDS Isothermal CP500) (AOAC, 

2003). Apparent digestibility coefficients (ADCs) for protein and amino acid contents were 

determined using Equation 2.1 (Maynard and Loosli, 1969):

ADC (%) = 100 - {l00 x % marker in diet 
.% marker in faeces

X
% nutrient in faeces 
% nutrient in diet )} Equation 2.1

2.2.9. Statistical analysis

Results were presented as mean (± standard deviation) of the data collected from the three 

replicate tanks that were used for each treatment. The Kolmogorov-Smirnov test was used to 

determine if the residuals of the data were normally distributed and the Levene test was used 

to check for homogeneity of variances. Treatment means were compared using a one-way 

analysis of variance (ANOVA), and Tukey’s multiple comparison test was used to evaluate
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the difference among individual diets at p<0.05. All statistical analyses were conducted using 

STATISTICA™ Version 16.0.

2.3. RESULTS

2.3.1. Gut evacuation period

Faecal quantities increased between 10 and 18 h after feeding, and maximum faecal 

production occurred at 18 h post feeding (Figure 2.3). After 18 h post feeding, the faecal 

quantities collected declined. Therefore, faeces were collected 18 h post feeding in settlement 

facecal collection method. This is the optimum time period to collect sufficient faecal 

quantity for chemical analysis.

Figure 2.3. Mean (± standard deviation) quantities of faeces retrieved over varying periods 

post feeding.
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2.3.2. Comparison of dietary marker techniques

Apparent digestibility coefficients for dry matter, protein, lipid and energy were significantly 

affected by the digestibility markers (p<0.05). The mean apparent protein digestibility values 

were 93.2±0.9 %, 79.1±3.8 % and 79.7±4.9 % for AIA, Cr2O3 and TiO2, respectively 

(p=0.005). Lipid digestibility coefficients were 97.0±0.9 %, 90.5±3.5 % and 83.7±6.1 % for 

AIA, Cr2O3 and TiO2 respectively (p=0.021). Energy digestibility coefficients were 93.0±0.8 

%, 78.2±2.9 % and 80.5±2.7 % for AIA, Cr2O3 and TiO2, respectively (p<0.005).

In all instances, the estimated values of protein, energy and dry matter digestibility, AIA 

resulted in significantly higher ADCs. With the exception of the lipid digestibility 

coefficients, there were no significant differences between all the estimated digestibility 

coefficients using either the Cr2O3 or the TiO2 markers (Figure 2.4). The standard deviation 

of the mean protein, lipid and energy ADCs were all less than one percent for AIA, whereas 

they ranged from close to three to more than six percent for Cr2O3 and TiO2 (Figure 2.4).

2.3.3. Comparison of faecal collection methods

An insufficient volume of faeces was collected when using the dissection and stripping 

method, and this made it impossible to carry out the protein, lipid and energy analyses 

required to determine ADC using these parameters. As such, ADC in this experiment was 

limited to that calculated using dry matter only. The ADCs calculated using dry matter were 

not significantly different between the different faecal collection methods (Table 2.2). Of the 

markers examined, AIA by settelement method exhibited good faecal recovery (Table 2.3).
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Figure 2.4. Mean (± standard deviation) apparent digestibility coefficient (ADC, %) of (A) dry matter, 
(B) protein, (C) lipid and (D) energy calculated using either acid-insoluble ash (AIA), chromic oxide 
(Cr20 3) or titanium dioxide (Ti02) as the dietary marker. Means with different alphabetical letters, on 
each graph, were significantly different (ANOVA, p<0.05).

Table 2.2. Mean (± standard deviation) apparent digestibility of dry matter using acid- 
insoluble ash and three methods of faecal collection (ANOVA, p=0.05).

Faecal collection methods Dry matter (%)

Stripping 77.0±10.7
Settlement 83.5±2.2
Dissection 80.1±4.9

Table 2.3 Marker content of dusky kob faeces (mean value of three sample replicate 
expressed in % dry matter, ±standard deviation).

Marker type
Acid-insoluble ash Chromic oxide Titanium dioxide

Stripping 1.48±0.45 0.92±0.04 1.19±0.06
Settlement 1.84±0.24 1.07±0.11 1.23±0.17
Dissection 1.57±0.40 - -
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2.4. DISCUSSION

Gut evacuation period

The highest evacuation rate was recorded at 18 h post feeding. This was in agreement with 

the study of Hien et al. (2010), who established that the optimal faecal collection time was 

between 12 to 18 h post feeding for Tra catfish Pangasinodon hypothalamus, and that the 

ADCs calculated using faeces collected for each separate two-hour period showed no 

significant differences across time. In a recent study with A. japonicus, Booth et al. (2013) 

collected faecal samples from a settlement tank at 18 h post feeding. They reported that 

faeces from A. japonicus were reasonably intact and that the collection by settlement tank 

results in only minor losses in dry matter. In this study, faeces were settled gently at the base 

of the settlement tank by gravity and handled with care to avoid causing loss of nutrient. It 

was established that the optimal faecal output in A. japonicus was 18 h post feeding.

Dietary marker techniques

In the present study, it was evident that the digestibility coefficients estimated, using AIA as 

the marker, were consistently higher than those using either Cr2O3 or TiO2 as the marker. 

Chromic oxide showed lower digestibility coefficients among replicate tanks of fish. The 

magnitude of variation in digestibility coefficients obtained using AIA was always lower than 

those obtained with either of the alternative markers.

The use of supplementary celite to increase total AIA levels may have reduced the variability 

of AIA determination in faecal samples in this study. These results are generally consistent 

with the findings of Atkinson et al. (1984) from studies on rainbow trout using celite- 

supplemented AIA. Acid-insoluble ash from supplemented celite, a form of diatomaceous 

silica, has been reported to be an effective marker for digestibility studies in humans (Rowan

36



et al., 1991), chickens (Cheng and Coon, 1990) and some fish species including rainbow trout 

Oncorhynchus mykiss (Atkinson et al., 1984; Norambuena et al., 2013; Saravanan et al., 

2012 and Turchini et al., 2013), hybrid stripped bass Morone chrysops x M. saxatilis (Li et 

al., 2008), Apostichopus japonicus (Xia et al., 2013), European seabass Dicentrarchus labrax 

(Tibaldi et al., 2015), tilapia Oreochromis aureus (Goddard and Mclean, 2001), and Nile 

tilapia Oreochromis niloticus (Jimoh et al., 2010; Keramat and Schrama, 2015). However, 

AIA has been reported to be an inappropriate marker for use with lemon shark, Negaprion 

brevirostris (Wetherbee and Gruber, 1993). The reason for this contradiction could be 

attributed to sources of AIA (Vandenberg and De la Noue, 2001).

Some studies with various species have reported that Cr2 O3 passes through the digestive tract 

at a different rate from that of the nutrient under study (Kaushik and de Oliva Teles, 1985) 

and can influence nutrient digestibility (Shiau and Liang, 1995). Shiau and Lin (1993) also 

reported that small amounts of Cr2 O3 could be absorbed into tissue, which can cause 

underestimation of digestibility. The reason for the difference in results obtained between 

Cr2O3 nor TiO2 and those obtained using AIA in digestibility studies with A. japonicus needs 

to be investigated in future research.

Faecal collection method

Stripping was not considered an effective method of obtaining faeces from A. japonicus. This 

was because of the difficulties associated with obtaining sufficient samples from the fish due 

to induced spontaneous defaecation by the fish following the use of anaesthetics to minimize 

handling stress. Attempts to obtain faeces by stripping were abandoned by Allan et al. 

(1999), who were unable to collect sufficient samples from silver perch Bidyanus bidyanus. 

Faecal stripping is associated with repeated handling of the fish, which increases the level of 

stress in fish and may result in an underestimation of digestibility (Hajen et al., 1993). The
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use of anaesthetics to minimize stress has also been reported to induce spontaneous 

defaecation (Spyridakis et al., 1989), thus accelerating intestinal transit, which will further 

alter nutrient absorption dynamics. Cho and Kaushik (1990) suggested that forced evacuation 

of faeces by stripping could result in the addition of intestinal epithelium to faecal contents.

In this study, dissection was abandoned for economic reasons. Dissection may result in some 

under-estimation of digestibility values following euthanasia, faeces may redistribute within 

the gut, with less digested material passing into the hindgut before dissection (Percival et al., 

2001). However, sufficient samples collected using AIA as the marker for the three collection 

methods, revealed that dry matter ADCs calculated using faeces obtained by dissection and 

stripping were not significantly different from those calculated by the settlement method. 

This was consistent with the findings of Austreng (1978) who reported that ADC values 

obtained from stripping are highly correlated with those obtained by dissection in a 

digestibility experiment with rainbow trout. Vandenberg and De la Noue (2001) reported that 

ADCs for rainbow trout were consistently higher using the settlement method (Guelph 

system) and lowest using the stripping method. Hajen et al. (1993) concluded that the 

settlement method (Guelph system) of faecal collection is a reliable digestibility procedure 

for post-juvenile chinook salmon Oncorhynchus tshanytscha in seawater. The ADCs 

calculated using faeces obtained by dissection were lower than those calculated using faeces 

collected by the settlement method (Spyridakis et al., 1989). Similarly, Amirkolaie et al. 

(2005) reported that the recovery percentage of faeces was higher with the settlement method 

compared with other faecal collection methods.

In this study, settlement collection was used as the preferred method primarily due to the 

ability to collect a larger faecal sample size within a short time, without stressing or 

sacrificing fish. However, collecting faeces after they have been voided can result in leaching 

of dry matter and nutrients, and lead to the overestimation of digestibility values. Collection
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facilities that ensure rapid settlement of faecal material from the water column (Spyridakis et 

al., 1989; Cho and Kaushik, 1990; Hajen et al., 1993) have been used to reduce this problem 

(Allan et al., 1999). A. japonicus faecal material settled at the terminal end of the settlement 

tank within a few minutes of being voided.

2.5. CONCLUSION

The results obtained in the present study have shown that 18 h post feeding is considered as 

the optimum faecal collection period for A. japonicus. Faecal collection by the settlement 

method was recommended to obtain the most reliable digestibility data. The key parameter 

that was considered here was the level of variability, as noted in the magnitude of the 

standard deviation for other methods examined. In this study, highly variable ADCs for 

Cr2O3 and TiO2 were found in faecal samples, suggesting loss of markers relative to nutrient 

content. This observation may be because Cr2O3 and TiO2 are heavier and might aggregate on 

the bottom of the feed during the mixing process. It is possible that there was a lack of 

uniform dispersion of Cr2O3 and TiO2 in the feed as well as in the faecal matter and thus a 

larger devaiation around the mean might have occurred. Further work is warranted to 

determine possible analytical errors. Acid insoluble-ash had higher ADC values with lower 

standard deviation in most cases. Therefore, AIA supplemented with celite is preferred for 

routine dusky kob A. japonicus feed digestibility studies using diets formulated from practical 

ingredients.
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CHAPTER 3

APPARENT PROTEIN AND AMINO ACID DIGESTIBILITY OF FEED

INGREDIENTS

3.1. INTRODUCTION

In many respects the culture of carnivorous fish relies on the availability of fishmeal, which is 

a palatable and highly digestible feedstuff with balanced essential amino acids that is ideal for 

feeding fish (Wang et al., 2010). However, the increasing cost of fishmeal and projected 

shortages as requirements for aquafeeds increase; create problems for cost-effective feed 

formulation (Tacon and Metian, 2008; Hertrampf and Piedad-Pascual, 2012). The 

development of a nutritionally complete cost-effective diet for carnivorous fishes, such as 

dusky kob Argyrosomus japonicus, in which the fishmeal (FM) is partially replaced with 

alternative ingredients, is needed. However, the availability of the nutrients in these 

alternative ingredients needs to be established in order to formulate diets that do not 

compromise fish growth and health.

The determination of nutrient digestibility is one of the most important aspects in the 

evaluation of a potential feed ingredient for use in dietary formulations (Allan et al., 2000; 

Glencross et al., 2007). Ingredient digestibility provides a measurement of the proportion of 

nutrients, which an animal can obtain from a particular ingredient through its digestive and 

absorptive processes (Glencross et al., 2007). As nutrients are not available to an animal 

before they are absorbed, the nutritional value of ingredients depends not only on their 

chemical composition but also on the digestibility of these nutrients.

Generally, the amino acid (AA) digestibility of ingredients is rarely estimated (Wilson et al., 

1981; Anderson et al., 1992; Sadiku and Jauncey, 1995), with most researchers opting for
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developing the apparent protein digestibility (APD) of ingredients because it is easier and less 

expensive than amino acid digestibility. Previous research that aimed to determine the 

digestibility of various feed ingredients in A. japonicus is limited to methods that included 

apparent dry matter and protein digestibility only (Booth et al., 2013). Research into the 

digestibility of amino acids has not been conducted for this species. High protein digestibility 

by itself does not give a good indication of the digestibility of essential amino acids (EAAs), 

which need to be available in sufficient quantities and in adequate balance for the fish to 

support optimal feed conversion and somatic growth (De Silva et al., 2000). In order to 

provide adequate but not excessive levels of EAAs, it is important to formulate diets based on 

available EAAs rather than gross EAA levels. The nutritive value of protein is determined not 

simply by its amino acid composition but also by its ability to supply biologically available 

EAAs for protein synthesis (Tacon and Cowey, 1985). Knowledge of the EAA digestibility 

of feedstuffs is particularly important in formulating fish diets since the minimum quantity of 

high-protein feedstuffs can be included to meet the requirement for EAAs. This will aid the 

selection of appropriate ingredients and the formulation of cost-effective diets (Hajen et al., 

1993).

Apparent digestibility of feed ingredients for aquatic animals has been determined with an 

individual test ingredient (Masagounder et al., 2009). Most researchers evaluate the 

digestibility of feed ingredients in combination with other ingredients in the test diet (Allan et 

al., 2000; Lu et al., 2015; Heinitz et al., 2015; Hernandez et al., 2015). The assumption is that 

the digestibility of nutrients is additive, i.e., digestibility of a nutrient in one ingredient does 

not affect the digestibility of the same nutrient in another ingredient (Cho et al., 1982). In this 

method, the test ingredient replaces part of a reference diet to obtain the test diet. Cho et al. 

(1982) developed this method for digestibility studies in fish with test diets comprising 30 % 

of the test ingredient and 70 % of the reference diet. An advantage of this method over testing
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ingredients singly is that the test ingredients may be more palatable to the animal when fed 

with other ingredients especially when evaluating plant protein sources or other less palatable 

protein sources.

Additivity of digestibility coefficients determined for individual feed ingredients in 

compound and fishmeal based diets has been demonstrated in fish using a wide range of 

ingredients in fish (Watanabe et al., 1996; Lupatsch et al., 1997; Allan et al., 1999; Kissil et 

al., 2000; Tibbetts et al., 2006). Non-additivity of individually determined apparent 

digestibility coefficients (ADCs) in compound diets has also been reported in crayfish (Reigh 

et al., 1990) and abalone Haliotis midae (Sales and Britz, 2002). However, there is no 

information on additivity of ingredients in A. japonicus and this will be investigated here for 

the first time.

The present study was conducted to evaluate:

1) apparent protein and amino acid digestibility of four feed ingredients including two 

fishmeals, pork meal and poultry meal as a single protein source in the diets for A. japonicus;

2) apparent protein and amino acid digestibility of five ingredients comprising canola meal, 

corn gluten meal, soybean meal, sunflower meal and blood meal substituted into a reference 

diet; and

3) additivity of apparent protein and amino acid digestibility values of poultry meal and pork 

meal determined either with single protein diets or by means of substitution in reference 

diets.
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3.2. MATERIALS AND METHODS

3.2.1. Experimental animals

Dusky kob A. japonicus were supplied by a commercial hatchery (Pure Ocean Pty. Ltd, East 

London, South Africa) and acclimated to laboratory conditions for one month prior to the 

experiment, during which time they were fed a commercial finfish diet once daily to apparent 

satiation (45 % protein and 18 % lipid; Marifeed Pty Ltd, South Africa). Twelve fish (mean 

weight: 133±1.6 g standard deviation) were randomly assigned to each of the experimental 

tanks and fed the test diets for seven days prior to the faecal-collection period to allow for 

acclimation to experimental conditions.

3.2.2. Environmental variables 

As described in Section 2.2.3.

3.2.3. Experimental systems

All the experiments were carried out in the 18 holding tanks (Figure 2.1, Chapter 2) and 15 

faecal collection tanks (Figure 2.2, Chapter 2). Approximately 10 % of the 10 000 L 

recirculating system’s water was replaced daily with seawater pumped from the Kowie River 

Estuary.

3.2.4. Experiment 1: Apparent protein and amino acid digestibility of animal feed 

ingredients using a single protein source

Feed ingredients were selected based on their local availability and potential for use in dietary 

formulations. The four test feeds were prepared as single protein diets for the fish and 

included: fishmeal-prime (crude protein 64.8 %; a low fishmeal temperature made of whole
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fish pelagic species), fishmeal-standard (crude protein 57.2 %; drying phase is direct hot air 

made from a whole fish pelagic species), poultry meal (PLM) and pork meal (PKM) (Table 

3.1). Each diet was supplemented with 0.5 % celite (acid-insoluble ash) as an indicator for 

determining the digestibility, the test ingredient and a starch binder (Table 3.2). All the diets 

were isonitrogenous (43 % protein) and isoenergetic (17.8 MJ kg-1) (Table 3.2). The inclusion 

level of starch varied between diets (Table 3.2), but the maximum inclusion level remained 

within a range found to have no detrimental effects for dusky kob growth and health 

(Mabasa, 2017). Sources and compositions of all the feed ingredients used in the formulation 

of experimental diets are presented in Appendix 1.

3.2.5. Experiment 2: Apparent nutrient digestibility of protein ingredients substituted 

into a practical reference diet

Apparent protein and amino acid (excluding tryptophan and cysteine) digestibility of canola 

meal (CNM), corn gluten meal (CGM), soybean meal (SBM), sunflower meal (SFM) and 

blood meal, spray dried (BLM) (Table 3.3) were determined by including these ingredients at 

30 % into a practical reference diet (Table 3.4). Amino acid digestibility in the reference diet 

are presented in Appendix 2. Fishmeal was chosen as the protein source in the reference diet. 

Each diet contained 0.5 % celite (acid-insoluble ash) used as an indicator for determining the 

digestibility (Table 3.4).

3.2.6. Diet preparation

The feed ingredients were weighed and mixed with an industrial food mixer (Macadam’s 

Baking Systems, SM-201, Cape Town, South Africa). The fish oil and water fractions were 

subsequently introduced to the dry ingredients and mixed to a homogenous dough. The dough 

was cold-extruded (ICME Motor electric Bologna, Italy) and cut into pellets (four
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millimeters), placed on trays and dried at 40 oC for 16 h in a dryer (9000 Series Scientific 

Oven, South Africa). The dried pellets were stored in plastic packets at -20 oC until used.

3.2.7. Feeding and faecal collection

Dusky kob was purged of feed for 24 h prior to receiving the test feed. The first seven days 

were used for acclimation to the feed and no faeces were collected. Fish were fed to satiation 

between 10:00 h and 13:30 h. Within one hour after feeding, the rearing tank and collection 

column were flushed to remove any faeces, uneaten feed or bacterial matter. The following 

morning, at 8:00 h, faecal matter was collected, dewatered, and stored in plastic bottles. 

Faecal collection was undertaken over a 15 d period and the faeces collected over this period 

were combined for each replicate tank. For all treatment groups, faecal collections were 

preserved at -20 oC until analyses were carried out. Prior to analyses, faeces were oven dried 

at 60 oC for 24 h, and stored at -20 oC.

3.2.8. Experiment 3: Comparison of two methods used to determine apparent protein 

and amino acid digestibility values

The apparent protein and amino acid (excluding tryptophan and cysteine) coefficients for 

poultry meal (PLM) and pork meal (PKM) were compared by using (a) reference diets- 

substitution method (Section 3.2.5) and (b) single protein source method (Section 3.2.4). The 

data were used to predict additivity of these feed ingredients in kob diets.
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Table 3.1. Chemical composition (%, on dry matter basis) of the feedstuffs.

Components Fishmeal-
prime3

Fishmeal-
standard3

Poultry meal4 Pork meal4

Crude protein1 66.9 57.4 65.6 49.2

Amino acid (% AA)2
Arginine 4.7 4.9 4.7 5.1
Histidine 2.5 1.3 2.4 1.8
Isoleucine 2.4 2.4 2.9 1.5
Leucine 4.2 3.8 4.9 3.1
Lysine 4.3 3.5 6.2 3.5
Methionine 1.2 1.6 2.1 0.9
Phenylalanine 2.3 2.2 2.7 1.9
Threonine 2.6 2.6 3.1 1.8
Valine 2.8 3.0 3.1 2.2
Aspartic acid 5.3 4.4 6.2 1.3
Glutamic acid 8.8 7.6 9.2 3.3
Alanine 4.1 3.8 3.8 2.9
Glycine 6.4 4.3 4.0 7.7
Serine 2.7 2.6 2.9 2.3
Proline 4.3 2.7 2.7 4.7
Tyrosine 1.3 1.0 2.1 0.9

Method used to determine crude protein (CP): 1 Dumas combustion method in a LECO 
FP2000 Nitrogen analyser (AOAC, 2003).
Method used to determine amino acid content: 2 Chromatographic and ion exchange analyses.
3 Marifeed Pty Ltd, Hermanus, South Africa.
4 Ingredients sourced and provided by Montego Pty Ltd, Eastern Cape, South Africa.

Table 3.2. Composition of diets used for the determination of digestibility of single protein 
source in Experiment 1.

Ingredients (%) Fishmeal-prime Fishmeal-standard Poultry meal Pork meal

Fishmeal-prime 
Fishmeal-standard 
Poultry meal 
Pork meal

72.90
64.10

65.60
86.00

Maize starch 20.58 22.80 4.50 2.80
Fish oil 5.90 6.40 11.50 8.70
Carboxymethyl-
cellulose

0.02 6.10 17.80 1.90

Vitamin mixture 0.10 0.10 0.10 0.10
Acid insoluble ash 
(celite)

0.50 0.50 0.50 0.50
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Table 3.3. Chemical composition of feed ingredients tested (% dry matter basis).

Components CNM2 CGM1 SBM1 SFM1 BLM1
Crude protein 33.4 41.3 45.6 34.9 89.5
EAA

Arginine 2.8 1.8 4.2 3.5 5.8
Histidine 0.8 0.9 0.9 0.9 3.0
Isoleucine 1.4 1.5 2.1 1.4 3.4
Leucine 2.4 5.6 3.2 2.0 8.6
Lysine 2.3 0.7 2.5 1.4 8.1
Methionine 0.6 0.7 0.5 0.5 1.2
Phenylalanine 1.4 2.2 2.2 1.6 5.0
Threonine 1.5 1.4 1.8 1.1 4.4
Val 1.7 1.7 2.1 1.7 5.4

NEAA
Aspartic acid 2.4 2.4 5.0 2.9 7.5
Glutamic acid 6.1 8.6 8.4 6.5 8.9
Alanine 1.5 3.3 1.9 1.4 6.4
Glycine 1.8 2.2 1.5 2.1 5.5
Serine 1.6 2.1 2.2 1.4 3.5
Proline 2.1 3.4 2.2 1.4 3.3
Tyrosine 1.0 1.0 1.1 0.9 2.7

Abbreviations: AA, amino acid; EAA, essential amino acid; NEAA, non-essential amino 
acid; CNM, canola meal; CGM, corn gluten meal, SBM, soybean meal; SFM, sunflower meal 
and BLM, blood meal.
1 Marifeed Pty Ltd, Hermanus, South Africa.
2 Ingredients sourced and provided by Montego Pty Ltd, Eastern Cape, South Africa.
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Table 3.4. Composition of the reference diet.

Ingredient g 100 g-1 (dry weight basis)
Fishmeal 1 64.0
Maize starch 1 25.0
Carboxymethyl cellulose (CMC) 2 3.0
Fish oil 1 5.0
Vitamin/mineral mixture 1 2.5
Celite (acid insoluble ash) 2 0.5

Analysis (dry matter basis)
Crude protein (%) 41.5
Gross energy (MJ/kg) 17.1

Essentail amino acids (g 100 g-1 dry matter)
Arginine 3.61
Histidine 1.86
Isoleucine 1.96
Leucine 3.41
Lysine 3.70
Methionine 1.37
Phenylalanine 1.89
Threonine 1.85
Valine 2.20
1 Fishmeal (prime 66.9 % CP), Marifeed Pty Ltd, Hermanus, South Africa.
1 Fish oil, Marifeed Pty Ltd, Hermanus, South Africa.
2 Sigma Aldrich Pty Ltd, Johannesburg, South Africa.

3.2.9. Chemical and digestibility analyses

Diet and faecal samples were analysed for acid-insoluble ash (AIA), protein and amino acid 

content. Acid-insoluble ash content was determined by digesting the feed or faeces for 30 

min in 200 mL 4HCL, filtering through ashless filter paper (Whatman no. 41) with boiling 

water until free of acid and ashing for six hours at 650 oC. Crude protein was determined 

using the Dumas combustion method in a LECO FP2000 Nitrogen analyser (AOAC, 2003). 

Amino acid content was determined after acidic and basic digestion for chromatographic and 

ion exchange analyses (high-performance liquid chromatography) performed in sealed glass 

tubes under a nitrogen atmosphere at 110 oC. Methionine was determined by acid hydrolysis 

in 6N HCl after oxidation with performic acid. After hydrolysis, the solutions were vacuum
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filtered, diluted to 0.25 M with 0.02 N HCl and adjusted to pH 8.5, and filtered through a 

Millipore membrane (0.45 mm). Tryptophan and cysteine were not measures and analysed.

3.2.10. Calculation of apparent digestibility

Apparent digestibility coefficients (ADCs) for protein and amino acid content were 

determined using Equation 2.1 (Section 2.2.8)

Apparent digestibility coefficients of test ingredients (ADCtest ingredient) and individual amino 

acids were calculated based on the digestibility of the reference diet and the test diets using 

the equation proposed by Forster (1999) and mathematically simplified by the 

recommendation of Bureau and Hua (2006) using Equation 3.1:

■ADCtest ingredients (%)

ADCtest diet + (0.7Dref/0.3Dingr)(ADCtest diet -  ADCref. diet) Equation 3.1

where, Dref. is the nutrient content (%) of the reference diet and Dingr represents the nutrient 

content (%) of the test ingredients.

3.2.11. Statistical analyses

Results were presented as mean (± standard deviation) of the data collected from the three 

replicate tanks that were used for each treatment. The Kolmogorov-Smirnov test was used to 

determine if the residuals of the data were normally distributed and the Levene test was used 

to check for homogeneity of variances. Treatment means were compared using a one-way 

analysis of variance (ANOVA), and Tukey’s multiple comparison test was used to evaluate 

the difference among individual diets at p<0.05. Differences between the single protein diets 

and reference diets-substitution methods were determined by independence -̂test. All 

statistical analyses were conducted using STATISTICA™ Version 16.0.
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3.3. RESULTS

3.3.1. Experiment 1: Apparent protein and amino acid digestibility of animal feed 

ingredients using a single protein source

Protein digestibility

Protein digestibility ranged from 83.1 to 85.8 % for all test ingredients (Table 3.5). There 

were no significant differences for protein digestibility among FM-prime, FM-standard, PLM 

and PKM (p=0.86).

Essential amino acid digestibility

Apparent digestibility of arginine, isoleucine, leucine, phenylalanine, threonine and valine 

were not significantly different between the feed ingredients (p>0.05, Table 3.5). However, 

digestibility of histidine, lysine and methionine differed significantly between all treatments 

(p<0.05, Table 3.5). Apparent digestibility of histidine was highest (93.0±1.9 %) for FM- 

standard, followed by PKM (74.4±7.2 %), PLM (70.9±4.0 %), which did not differ 

significantly and was lowest (63.6 %) for FM-prime. Apparent digestibility of lysine in FM- 

standard (90.5±2.6 %) and PLM (89.9±1.1 %) were similar and higher compared with all 

other feedstuffs tested. This was followed by PKM (83.6±4.0 %). The apparent digestibility 

of lysine in FM-prime (73.3±9.8 %) was the lowest in comparison to other feedstuffs.

Methionine digestibility in FM-prime was higher (94.0±2.2 %) than in other feedstuffs tested. 

This was followed by PKM (87.7±4.4 %) and PLM (85.6±1.1 %), which did not differ 

significantly from each other, and its digestibility in FM-standard (83.0±1.4 %) was 

significantly lower than that in all other treatments.
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Table 3.5. The mean (± standard deviation) apparent digestibility coefficient (ADC) for crude 
protein and amino acids (AA) of the test ingredients in single protein source dusky kob diets. 
Means with different superscripts within a row were significantly different (ANOVA, 
p<0.05, n=3).______________________________________________________________

ADC (%) FM-prime FM-standard Poultry meal Pork meal Pvalue
Crude protein 84.5±4.1 83.8±3.9 85.8±1.4 83.1±5.5 0 . 8 6

EAA
Arginine 92.7±2.5 92.8±1.9 92.1±0.8 88.8±4.7 0.33
Histidine 63.6±15.1c 93.0±1.9a 70.9±4.0b 74.4±7.2b 0 . 0 1

Isoleucine 85.8±5.2 87.0±3.7 87.2±1.8 87.7±5.1 0.95
Leucine 86.8±4.2 88.6±2.9 87.9±1.9 87.4±4.6 0.93
Lysine 73.3±9.8c 90.5±2.6a 89.9±1.1a 83.6±4.0b 0 . 0 2

Methionine 94.0±2.2a 83.0±1.4c 85.6±1.1b 87.7±4.4b 0 . 0 1

Phenylalanine 86.0±4.4 86.4±2.9 85.1±1.7 84.3±4.4 0.89
Threonine 92.0±2.7 87.5±3.9 85.4±2.0 85.6±4.8 0.16
Valine 88.8±3.7 86.2±4.3 85.6±2.3 87.4±5.1 0.76
Mean EAA 84.7 87.9 85.5 85.0

NEAA
Aspartic acid 68.1±9.9 85.9±9.0 83.4±2.9 77.8±6.1 0.08
Glutamic acid 81.5±6.0 88.6±3.7 89.1±1.5 85.0±4.9 0.19
Alanine 85.6±4.9 88.3±3.3 88.8±1.3 86.8±4.8 0.73
Glycine 82.6±6.2 84.1±4.7 87.2±1.7 84.1±5.3 0.69
Serine 89.9±3.5 91.4±3.0 86.0±0.9 86.4±4.6 0 . 2 0

Proline 86.0±4.7 84.0±4.6 86.3±2.4 84.9±5.5 0.92
Tyrosine 97.2±1.2a 88.1±7.6b 85.4±3.5c 78.2±4.9d 0 . 0 1

Mean NEAA 84.4 87.2 86.5 83.3
Mean AA 84.6 87.6 8 6 . 0 84.3

Abbreviations: AA, amino acid; FM, fishmeal; EAA, essential amino acid; NEAA, non-
essential amino acid.

3.3.2. Experiment 2: Apparent nutrient digestibility of protein ingredients substituted 

into a practical reference diet

Protein digestibility

The apparent protein digestibility (APD) was significantly different from each of the feed 

ingredients evaluated (p<0.04, Table 3.6). That of sunflower meal (92.4±1.5 %) and soybean 

(92.0±0.6 %) was higher than all of the remaining test ingredients. This was followed by
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canola meal (90.7±1.2 %) and blood meal (89.7±2.1 %), which did not differ significantly 

from each other. Corn gluten meal had the lowest APD (85.5±90.7 %, Table 3.6).

Amino acid digestibility

The mean amino acid digestibility for all the test ingredients ranged from 86.3 to 92.1 % 

(Table 3.6).

Essential amino acid digestibility

Apparent digestibility of histidine differed between treatments (p=0.04) with a mean ADC of 

86.3±3.0 % for blood meal, which was significantly higher than that of all the plant 

ingredients (Table 3.6). Of the plants, the ADC for histidine was similar and higher for CNM 

(76.1±4.2 %) and CGM (75.4±3.8 %) compared with all others. Soybean meal and sunflower 

meal had the lowest ADC for histidine, both with an ADC of about 72 % (Table 3.6). All 

other EAA digestibility coefficients were similar (p>0.05, Table 3.6).

3.3.3. Experiment 3: Comparison of two methods used to determine apparent protein 

and amino acid digestibility values

Apparent protein digestibility did not differ significantly between treatments that used the 

single protein source diets and reference diets-substitution (fishmeal based diets) for both 

ingredients that were tested (poultry meal and pork meal). Similar results were observed for 

EAA using single protein diets and the reference diets-substitution values except for arginine 

and histidine in PLM (p=0.02) and lysine in PKM (p=0.04, Table 3.7). Acid insoluble-ash 

content of dusky kob feed and faeces are presented in Appendix 3.
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Table 3.6. Apparent protein and amino acid digestibility (%) in the test ingredients (mean ± 
standard deviation, n=3).

Diet CNM CGM SBM SFM BLM Pvalue
Crude protein 90.7±1.2b 85.5±4.6c 92.0±0.6a 92.4±1.5a 89.7±2.1b 0.04

EAA
Arginine 94.1±1.1 92.5±3.4 96.2±1.5 93.8±5.0 94.6±3.0 0.69

Histidine 76.1±4.2b 75.4±3.8b 72.4±5.4c 72.6±4.2c 86.3±6.7a 0.04
Isoleucine 92.0±1.3 87.8±4.2 93.2±1.9 92.2±6.0 92.5±4.5 0.51
Leucine 93.0±1.3 84.1±5.6 93.9±1.4 93.3±4.8 92.3±4.5 0.06
Lysine 95.1±1.6 95.8±2.8 95.9±0.9 94.1±3.3 95.0±2.5 0.89
Methionine 92.4±2.9 90.3±3.3 94.4±1.1 92.1±3.2 94.8±2.6 0.32
Phenylalanine 91.7±1.5 85.7±4.6 92.4±1.7 90.1±5.8 92.3±4.6 0.27
Threonine 91.5±1.6 88.9±3.6 93.8±1.1 91.0±6.5 93.6±3.7 0.53
Valine 91.8±1.5 87.9±3.8 92.9±1.7 91.6±6.4 92.3±4.6 0.56
Mean EAA 90.5 87.1 91.4 89.6 92.5

NEAA
Aspartic acid 91.6±1.4 88.8±3.3 93.2±1.1 95.0±2.8 87.5±7.0 0.16
Glutamic acid 94.3±1.0 85.8±4.1 94.4±1.1 92.4±4.8 92.1±4.6 0.08
Alanine 91.3±1.8 84.2±4.8 93.0±1.3 90.1±6.3 91.3±5.3 0 . 2 1

Glycine 87.8±2.2 85.2±5.2 92.9±0.9 81.4±9.2 91.3±4.4 0.13
Serine 88.6±3.4 85.6±4.9 93.0±1.3 8 6 .0 ± 1 1 . 0 92.1±4.5 0.46
Proline 88.3±2.5 81.7±5.0 91.1±1.2 8 6 .0 ±8 . 2 91.9±4.3 0.15
Tyrosine 93.8±2.9 87.9±9.3 94.7±1.4 90.4±5.1 89.9±4.5 0.52
Mean NEAA 90.7 85.4 93.1 88.7 90.8

Mean AA 90.6 86.3 92.1 89.2 91.8
Means in the same row with different superscript (a, b, c) are statistically different (p<0.05) 
Abbreviations: CNM, canola meal; CGM, corn gluten meal; SBM, soybean meal; SFM, 
sunflower meal; BLM, blood meal; AA, amino acid; EAA, essential amino acid; NEAA, non­
essential amino acid.
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Table 3.7. Comparison of single protein source diets vs. reference diets-substitution 
digestibility and amino acid digestibility values in pork meal and poultry meal for 
determination of additivity. Values are means ± standard deviation of three replicate analyses. 
Means with a different superscript within each row were significantly different (t-test, 
p<0.05)._________________________________________________________________

Poultry meal (%) Pork meal (%)
Single Reference Pvalue Single Reference Pvalue
protein diets- protein diets-
diets substitution diets substitution
method method method method

Protein
EAA

85.8±1.4 77.3±6.5 0.09 83.1±5.5 78.2±5.0 0.32

Arginine 92.1±0.8a 82.3±4.6b 0 . 0 2 88.8±4.7 86.8±7.7 0.72
Histidine 70.9±4.0b 87.0±6.0a 0 . 0 2 74.4±7.2 78.4±6.0 0.51
Isoleucine 87.2±1.8 84.4±3.4 0.27 87.7±5.1 88.4±5.5 0 . 8 8

Leucine 87.9±1.9 84.8±5.3 0.40 87.4±4.6 91.4±0.7 0 . 2 1

Lysine 89.9±1.1 90.3±3.2 0.83 83.6±4.0b 90.7±1.2a 0.04
Methionine 85.6±1.1 79.5±5.3 0 . 1 2 87.7±4.4 87.6±2.9 0.97
Phenylalanine 85.1±1.7 80.0±6.0 0.23 84.3±4.4 87.4±2.6 0.36
Threonine 85.4±2.0 87.9±7.1 0.59 85.6±4.8 87.0±4.8 0.73
Valine 85.6±2.3 80.3±7.4 0.31 87.4±5.1 89.3±1.2 0.57

EAA, essential amino acid.

3.4. DISCUSSION

This study evaluated the suitability of animal and plant protein ingredients for use in diets for 

A. japonicus. This is the first report of the essential amino acid digestibility for a variety of 

potential feed ingredients for inclusion in compound feeds for the species. High apparent 

protein digestibility and essential amino acid digestibility were observed for all ingredients 

tested.

Protein digestibility

Fishmeal was very well digested by A. japonicus. Apparent protein digestibility coefficients 

for the two fishmeals (84.5 and 83.8 %) examined were similar to the ADCs found for 

gilthead seabream Sparus aurata, spotted rose snapper Lutjanus guttstus, European seabass 

Dicentrarchus labrax and turbot Scophthalamus maxima (Table 3.8), although higher values
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have been reported in Ecuador-FM (97 %) for Argyrosomus japonicus (Booth et al., 2013) in 

comparison to the ADCs estimated for the two fishmeal tested in this study (Table 3.8).

With reference to protein digestibility of the fishmeal/soybean diet in Chapter two that was 

93 %, whereas ADP for both fishmeal in Chapter three were lower than this, at about 84 %. 

Soybean exhibited a high digestibility value of 92 %, which could have increase the protein 

digestibility values in Chapter two of this study.

Poultry meal has been widely studied as an alternative protein source for FM in fish diets 

(Yigit et al., 2006; Davies et al., 2009). In this study, crude protein ADCs for FM (83.8-84.5 

%) was similar to PLM (85.8 %). These results were similar to PLM values of other fish 

species (Table 3.8). The chemical composition and quality of animal product meals have 

been shown to differ considerably depending on raw materials and processing methods (Dong 

et al., 1993). Forster et al. (2003) reported that meat and bone meal of porcine origin had 

lower nutrient digestibility than beef meat and bone meal. In this study, protein ADCs of 

PLM and PKM were comparable to that of fishmeal.

Soybean meal exhibited a high apparent protein digestibility coefficient of 92.0 %, which was 

similar to data obtained for meagre Argyrosomus regius (Olim, 2012; Feij et al., 2012), 

mulloway Argyrosomus japonicus (Booth et al., 2013) and other fish species (Table 3.8). 

Soybean meal appears to be a good protein source for A. japonicus according to its high 

protein digestibility in this study.

The apparent protein digestibility for CGM was 85.5 % and this value was similar to APD 

reported in other fish species (Table 3.8). The value obtained in this study for CGM protein 

digestibility was higher than the values for yellowtail Seriola quinqueradiata and turbot
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Scophthalmus maxima as reported by Masumoto et al. (1996) and Wei et al. (2015) 

respectively (Table 3.8).

The apparent protein digestibility of blood meal in this study was 89.7 %. Similar 

digestibility coefficients were reported for other fish species (Table 3.8).

This study showed that sunflower meal exhibited a high apparent protein digestibility value 

of 92.4 %. This result was similar to the value of 95.5 % indicated by Booth et al. (2013) for 

sunflower meal by A. japonicus. These values were higher than the 69 % reported by Gaylord 

et al. (2004) for hybrid striped bass digestibility studies and 75.8 % APD for rainbow trout as 

reported by Smith et al. (1995).

The apparent protein digestibility of canola meal was 90.7 %. This result was similar to a 

range of apparent digestibility values as reported for different fish species (Table 3.8). The 

value was higher than values reported for rainbow trout, spotted rose snapper Lutjanus 

guttatus and Asian seabass Lates calcaarifer (Table 3.8). In this study, canola meal appears 

to be a good protein source for A. japonicus.

56



Table 3.8. Ingredients digestibility coefficients (%) for different fish species.

Feed ingredients Crude protein 
(%)

Species Reference

Fishmeal 83-84.5 Dusky kob, Argyrosomus 
japonicus

This study

83.0 Gilthead seabream, Sparus aurata Lupatsch et al., 1997
84.0 Spotted rose snapper, Lutjanus 

guttstus
Hernandez et al., 2015

89.5 European seabass, Dicentrarchus 
labrax

Da Silva and Oliva- 
Teles, 1998

87.68 Turbot, Scophthalamus maxima Wei et al., 2015.
97.0 Mulloway, Argyrosomus 

japonicus
Booth et al., 2013

Poultry meal 85.8 Dusky kob, Argyrosomus 
japonicus

This study

82.5 Spotted rose snapper, Lutjanus 
guttatus

Hernandez et al., 2015

87.1 Rainbow trout, Oncorhynchus 
mykiss

Cheng and Hardy, 
2 0 0 2

89.5 Gilthead seabream, Sparus aurata Lupatsch et al., 1997
8 8 . 0 Largemouth bass, Micropterus 

salmoides
Masagounder et al., 
2009

91.0 Bluegill, Lepomis macrochirus Masagounder et al., 
2009

75.7 Mulloway, Argyrosomus 
japonicus

Booth et al., 2013

Blood meal 89.7 Dusky kob, Argyrosomus 
japonicus

This study

8 8 . 0 Rainbow trout, Oncorhynchus 
mykiss

Gaylord et al., 2010

86-87 Rockfish, Sebastes schlegeli. Lee, 2002

8 6 . 0 Hybrid striped bass, Morone 
saxatilis? X Morone chrysops^.

Sullivan and Reigh, 
1995

90.4 Mulloway, Argyrosomus 
japonicus

Booth et al., 2013

90.0 Gilthead seabream, Sparus aurata Lupatsch et al., 1997
Soybean meal 92.0 Dusky kob, Argyrosomus 

japonicus
This study

92.6 Mulloway, Argyrosomus 
japonicus

Booth et al., 2013

92.3 Atlantic cod, Gadus morhua Tibbetts et al., 2006
83.2 Chinese sucker, Myxocyprinus 

asiaticus
Yuan et al., 2010

81.6 Rohu, Labeo rohita. Hossain et al., 1997
95.9 Rainbow trout Oncorhynchus 

mykiss
Cho and Slinger, 1979
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Table 3.8. Continued
Feed ingredients Crude protein 

(%)
Species Reference

Corn gluten 85.5 Dusky kob, Argyrosomus 
japonicus

This study

88.9 Mulloway, Argyrosomus 
japonicus

Booth et al., 2013

86.3 Atlantic cod, Gadus morhua Tibbetts et al., 2006
89.0 Rainbow trout, Oncorhynchus 

mykiss
Gaylord et al., 2010

89.0 Rainbow trout, Oncorhynchus 
mykiss

Watanabe et al., 1996

49.7 Yellowtail, Seriola 
quinqueradiata

Masumoto et al., 1996

48.5 Turbot Scophthalmus maxima Wei et al., 2015
Sunflower meal 92.4 Dusky kob, Argyrosomus 

japonicus
This study

95.5 Mulloway, Argyrosomus 
japonicus

Booth et al., 2013

69.0 Hybrid striped bass, Morone 
saxatilis? X Morone chrysops^.

Gaylord et al., 2004

75.8 Rainbow trout, Oncorhynchus 
mykiss

Smith et al., 1995

Canola meal 90.7 Dusky kob, Argyrosomus 
japonicus

This study

95.9 Mulloway Argyrosomus japonicus Booth et al., 2013
81.5 Spotted rose snapper, Lutjanus 

guttatus
Hernandez et al., 2015

79.7-83.8 Asian seabass, Lates calcaarifer Ngo et al., 2015
79.0 Rainbow trout, Oncorhynchus 

mykiss
Gaylord et al., 2010

The differences in nutrient digestibility are associated with a number of factors including 

processing and drying of the ingredient, physiological character of fish and differences in 

experimental procedure used by various laboratories including faecal collection methods 

(Allan et al., 2000; Lee, 2002; NRC, 2011).
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Essential amino acid digestibility

High apparent digestibility of EAA from animal protein sources has been established for 

many fish species including spotted rose snapper (Hernandez et al., 2015), Atlantic salmon 

(Anderson et al., 1995), bluegill and largemouth bass (Masagounder et al., 2009). Poultry 

meal demonstrated a good EAA digestibility in this study (mean EAA 85.5 %). Similar to the 

findings of the present study, Wei et al. (2015), Lupatsch et al. (1997) and Masagounder et 

al. (2009) also observed comparable digestibility of EAA from PLM for turbot, gilthead 

seabream and largemouth bass respectively. Poultry meal is one of the most promising aqua 

feed ingredient due to the improvement in manufacturing technique applied to meal, which in 

turn improved its digestibility and nutritive quality. In this study, poultry meal presented 

good amino acid profile content and there were similarities in the EAA digestibility between 

FM and PLM, which indicated that PLM could be used as a potential protein source for A. 

japonicus.

All EAAs, with the exception of histidine, were available in sufficient quantities based on 

data obtained from this study. Despite the low methionine content in all the ingredients 

tested, this amino acid presented a high digestibility in all the ingredients tested for dusky 

kob. In this study all the protein examined showed very good and high digestibility values for 

these two EAAs.

In this study, EAAs availability in soybean meal was favourable. Essential amino acids 

digestibility values recorded for SBM in this study were comparable to values reported for 

other fish species. Lupatsch et al. (1997) reported high essential amino acid digestibility in 

SBM for arginine (96 %), lysine (92 %) and threonine (91 %), whereas histidine, valine, 

methionine, isoleucine and phenylalanine were 89 % for gilthead seabream. Masumoto et al. 

(1996) reported a high apparent EAA values in SBM for arginine (85.4 %) and lower
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histidine digestibility value (53 %) for yellowtail Seriola quinqueradiata. Yuan et al. (2010) 

reported maximum essential amino acid digestibility in SBM for arginine (85.26 %) for 

Chinese sucker Myxocyprinus asiaticus, while the rest ranged from histidine (77.41 %) to 

threonine (59.88 %). Hernandez et al. (2015) reported the essential amino acid digestibility 

for arginine (90.7 %) and lysine (92 %), whereas, threonine, histidine, valine, methionine, 

isoleucine and phenylalanine were between 82.1-89.8 % for spotted rose snapper Lutjanus 

guttatus. This result showed that A. japonicus has a similar capacity to digest SBM as spotted 

rose snapper (Hernandez et al., 2015), yellow tail seabream Sparus latus (Masumoto et al., 

1996; Wu et al., 2006) and gilthead seabream (Lupatsch et al. (1997). In this study soybean 

meal has a high protein digestibility and essential amino acid digestibility, indicating that it is 

a potential plant protein source for A. japonicus diets.

Essential amino acids digestibility for CGM ranged from 95.8 % (lysine) to 75.4 % 

(histidine). Masumoto et al. (1996) found histidine digestibility in CGM to be 50.8 % for 

yellowtail. For turbot, amino acid digestibility in CGM ranged from lysine (64.12 %) to 

threonine (27 %) (Wei et al., 2015). Gaylord et al. (2010) found essential amino acid 

digestibility in CGM for arginine to be 99 % and all others ranged from 96 % for histidine to 

91 % for isoleucine. Anatomical and physiological differences in the digestive systems 

between species, different pH of CGM and processing might be the factors related to 

differences in digestibility between species (Masumoto et al., 1996). Results from this study 

showed that CGM had the lowest protein digestibility coefficient and mean EAA digestibility 

in all the plant protein tested. This could be as a result of its amino acid contents especially 

for lysine and methionine (Table 3.3). If there is a very little content of AA in a diet and there 

is a high digestibility, it may not be of use to the animal.
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The range of values for blood meal EAA digestibility in this study was between 95.0 % 

(lysine) to 86.3 % (histidine). The results of the present study are similar to the findings of 

Lupatsch et al. (1997), who reported that essential amino acid digestibility in BLM ranged 

from arginine (96 %) to methionine (89 %) for gilthead seabream. Gaylord et al. (2010) 

recorded essential amino acid digestibility for all the EAAs ranging from arginine (90 %) to 

isoleucine (87 %) for rainbow trout. Most animal products undergo heating and drying 

processes. This may be the factor contributing to differences among essential amino acid 

digestibility (Opstvedt et al., 1984). Temperature treatment also has an influence on the 

essential amino acid digestibility of blood meal and other feed ingredients (Opstvedt et al., 

1984; Lupatsch et al., 1997). Spray dried blood meal used in this experiment has a greater 

content of total and available amino acid. High apparent digestibility coefficients in this study 

suggested that blood meal might not be damaged by heat during the processing and that the 

drying process did not affect the digestibility of its essential amino acids.

In the present study, canola meal exhibited a favourable EAA digestibility, ranging from 95.1 

% (lysine) to 91.5 % (threonine) with the exception of histidine, which was 76.1 %. This 

result is similar to the findings of Gaylord et al. (2010) who reported apparent amino acid 

digestibility value of 92 % for arginine in rainbow trout. Ngo et al. (2015) reported a 

maximum value of 92.1 % for arginine, followed by lysine and the lowest value was found in 

histidine ( 8 6  %). Canola meals have been shown to have considerable potential for FM 

replacement as they contain high protein content (Burel et al., 2000) with a good amino acid 

profile, and high lysine digestibility. Many fish species have been shown to have good 

growth when fed diets containing CNM. These include rainbow trout (Gomes et al., 1995), 

gilthead seabream (Kissil et al., 2000), Japanese seabass Lateolabrax japonicus (Cheng et al., 

2010) and cobia Rachycentron canadum (Luo et al., 2012). However, growth performance is 

restricted to 20-30 % of CNM in the diets due to the presence of anti-nutritional factors
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(Burel et al., 2000; Ngo et al., 2015). This study suggests that CNMs are well digested by A. 

japonicus and could be used as a potential protein source for this species.

Histidine was found to be least available to A. japonicus among all EAAs in the ingredients 

tested. Similarly, a lower digestibility value of histidine from SBM was recorded for Chinese 

sucker Myxocyprinus asiaticus (77.4 %; Yuan et al., 2010), and yellowtail (50.8 %, CGM; 53 

%, SBM) (Masumoto et al., 1996).

It is interesting to note that dusky kob A. japonicus was able to digest plant protein 

efficiently. It is often observed that sensitivity to anti-nutritional factors varies between 

species of animal (Kumar, 1992). This indicates that A. japonicus might not be as sensitive to 

the anti-nutritional factors that are present in the plant protein tested.

Comparison of two methods used to determine apparent protein and amino acid digestibility 

values

For digestibility data of a single protein source ingredient to be useful in least-cost 

formulation, it is assumed that the digestibility values of the single protein source ingredient 

would be similar to data obtained from the reference diets-substitution method. This 

assumption has been tested and validated for a number of fish species including rainbow 

trout, gilthead seabream, Atlantic cod Gadus morhua and seabass (Cho and Kaushik, 1990; 

Lupatsch et al., 1997; Da Silva and Oliva-Teles, 1998; Allan et al., 1999; Tibbetts et al., 

2006) but yet to be validated for A. japonicus. This study compared the single protein source 

diets and reference diets-substitution in order to test this assumption using poultry meal and 

pork meal. The results confirm that apparent digestibility is additive and that digestible EAA 

supply in a complete diet can be predicted based on EAA digestibility determined for 

individual feed ingredients. This was in agreement with the findings of Lupatsch et al. (1997)
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and Tibbetts et al. (2006), who concluded that ingredient digestibility in gilthead seabream 

was additive for protein and essential amino acids. However, these results do not exclude 

possible interaction between the feed ingredients, particularly those containing a high level of 

fibre or anti-nutritive factors or carbohydrate. Lupatsch et al. (1997) reported that 

digestibility of carbohydrate in compound feeds was slightly lower than the individual feed 

ingredients. Apparent digestibility of mixed feeds containing such ingredients will be lowered 

by the influence of increased endogenous amino acid secretion, and true rather than apparent 

digestibility values may be more accurate in reflecting the additivity of digestible EAA 

supply (Angkanaporn et al., 1996). Our results suggested that the apparent digestibility 

coefficient of animal protein ingredients could be calculated from compound diets to 

accurately determine protein and amino acid digestibility in A. japonicus, and possibly other 

carnivorous marine fish species.

Higher values obtained in digestibility studies may be attributed to faceal suoluble nitrogen 

compounds, which is always associated with the settlement faecal collection method 

(Sugiura, 1998). Comparison of digestibility coefficients for any ingredients between species 

is compromised because of differences in methodology used (Allan, 2000). In digestibility 

studies there are close agreement in digestibility coefficients derived using different methods 

of obtaining faeces (Cho et al., 1982; Hajen et al., 1993), others have found large 

discrepancies (Smith et al., 1980). Provided the same method is used for different ingredients 

for a single species, the comparison between ingredients is valid and these data are critical if 

diets are to be formulated from a variety of ingredients with balanced digestible energy and 

digestible nutrient contents (Cho and Kaushik, 1990; Gomes et al., 1995).
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3.5. CONCLUSION

Blood meal showed high digestibility compared to the other animal protein sources tested. 

However, imbalance of leucine and isoleucine content in blood meal is known to be a cause 

of antagonism between amino acids and limits potential use of this ingredient in diets. 

Therefore, high inclusion levels of blood meal in practical diet formulation can negatively 

affect feed palatability. Argyrosomus japonicus is competent at digesting animal protein 

sources as well as plant protein feedstuffs based on high apparent digestibility coefficients 

obtained from this study. This is in agreement with research by Olim (2012) and Booth et al. 

(2013), who reported that Argyrosomus species are efficient at digesting protein from a 

variety of plant protein sources.

The assumption that digestibility of a nutrient in one ingredient does not interact with the 

digestibility of the same nutrient in another ingredient is true for animal protein in A. 

japonicus in this study. The variation between APD replicates in animal protein sources 

tested for additivity were large; this indicates the need for amino acid digestibility data when 

formulating diets, which contain a range of ingredients. The digestible essential amino acid 

values for individual ingredients can be used to estimate the essential amino acid digestibility 

in a complete diet.

In this study, poultry meal demonstrated a good EAA profile and digestibility, which 

indicated that it could potentially partially replace fishmeal diets for A. japonicus. Soybean 

meal EAA was more fully digested than any of the other ingredients tested. It is well known 

that soybean meal is a promising feed ingredient in the aquaculture industry compared to 

other plant ingredients. Adequate palatability of soybean meal and its excellent nutritional 

profile including high level of protein, complementary amino acid profile and relatively high 

nutritional digestibility proved it to be a valuable food for fish. Thus, SBM had a greater
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potential to be used as a dietary replacement for FM for kob diets. Among protein sources 

tested, canola meal (mean EAA 90.5 %) and blood meal (mean EAA 92.5 %) were also 

effectively digested, so these locally available ingredients could be utilized in the diet of A. 

japonicus.

Data established in the present study could be used as a starting point for more accurate and 

least-cost formulations to find the optimum combination of ingredients to stimulate a 

balanced pattern of amino acids in compound diets for maximum growth of A. japonicus. 

This will be achieved by using relevant data on both EAA dietary requirements of dusky kob 

and the EAA supplied by the feed ingredients.
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CHAPTER 4

LYSINE REQUIREMENT AND ESSENTIAL AMINO ACID ESTIMATES FOR

ARGYROSOMUS JAPONICUS

4.1. INTRODUCTION

Amino acids play important and versatile roles in protein metabolism (Wu et al., 2013; 

Wright and Fyhn, 2001). Lysine is often the first limiting EAA in protein sources commonly 

used in fish feeds, especially in feeds that include plant feedstuffs (NRC, 2011; Hauler and 

Carter, 2001; Small and Soares, 2000) that are typically low in lysine and methionine. Based 

on the ideal protein concept, the lysine requirement can be used to predict the requirements of 

other EAAs in a fish species (Akiyama et al., 1997). Where dietary lysine is limiting, lysine 

supplementation could reduce the oxidation of other amino acids by improving the use of 

other EAAs for protein synthesis and anabolism (Kerr and Easter, 1995). Dietary lysine 

supplementation is also related to improved feed efficiency, weight gain, feed conversion, 

nitrogen retention and a reduction in the body lipid contents (Furuya et al., 2006; Marcouli et 

al., 2006). However, lower growth rate due to excess dietary lysine has been observed in 

some species (Mai et al., 2006; Zhou et al., 2007; Deng et al., 2010). Therefore, an optimal 

inclusion of lysine is required to formulate nutritionally complete and cost effective fish 

feeds.

Dietary lysine requirements have been established through a range of methods. The most 

commonly applied method is the dose-response method. For a growing fish, the quantitative 

lysine requirement comprises the lysine required for both somatic growth and lysine losses, 

which include obligatory and regulatory losses (Hauler and Carter, 2001). Dose-response 

estimates are truly quantitative because they include the lysine required for growth and both 

types of losses (Hauler and Carter, 2001). Others have estimated the lysine requirement from
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the daily deposition of amino acids in the body (Ogino, 1980). This method assumes the daily 

deposition of lysine per unit of body weight is equivalent to the daily requirement per unit of 

body weight. The quantitative lysine requirement is then calculated in relation to a nominal 

weight-specific feed or protein intake. The use of this method is problematic as it ignores the 

maintenance component of quantitative dietary lysine requirement (Cowey, 1995; Ng and 

Hung, 1995; Wilson and Poe, 1985). In addition, this method does not account for regulatory 

losses, which alone can be up to 40 % of the quantitative dietary requirement (NRC, 1993; 

Cowey, 1995). Comparison of other methods with dose-response experiments has confirmed 

that lower quantitative dietary lysine requirements are estimated by studies investigating the 

daily deposition of amino acids in the body (Jauncey et al., 1983). In addition, Griffin et al. 

(1992) used serum lysine concentrations to confirm lysine requirement in channel catfish. Of 

all these methods, dose-response experiments provide the most accurate quantitative 

requirements of fish (Hauler and Carter, 2001).

Dietary amino acid requirements of fish are usually determined through a dose-response 

study, which is costly and time-consuming, especially when determining the requirement for 

all the ten EAAs (Akiyama et al., 1997). The essential amino acid requirement patterns of 

fish have been shown to correlate well with the EAA patterns of the whole body tissue of that 

fish (Wilson and Poe, 1985). If the requirement of one of the EAAs is known, the 

requirements of the remaining nine EAAs can be accurately estimated from the ratio of the 

whole body amino acid pattern of the species (Tacon, 1989; Akiyama et al., 1997). Based on 

lysine requirement, other EAA requirements can be estimated from the ratio of the fish body 

EAAs composition. Such estimations have been carried out on colliroja Astyanax fasciatus 

(Furuya et al., 2015), bluegill Lepomis macrochirus (Masagounder et al., 2011), Eurasian 

perch Perca fluviatalis (Langeland et al., 2014), pacu Piaractus mesopotamicus (Abimorad et 

al., 2010) and largemouth bass Micropterus salmoides (Portz and Cyrino, 2003). Amino acid
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requirements determined through this approach have been found not to differ significantly 

from those determined through dose-response methods in fish (Wilson, 2002). Knowing the 

EAA requirements in cultured fish species will allow a more appropriate diet formulation so 

as to reduce the diet cost, nutrient waste and environmental impact.

In the recent years there has been a growing interest in the study of biochemical parameters 

of fish for aquaculture purposes. Blood chemistry parameters can provide predictive 

information on fish health conditions (Vazquez and Guerrero, 2007). They have also been 

used to monitor fish responses to stressors, and thus their health status under adverse 

conditions (Vazquez and Guerrero, 2007).

Dusky kob A. japonicus is an economically important fish in South Africa and in other parts 

of the world (PIRSA, 2001). However, the information on the dietary essential amino acid 

requirements of this species is not available. Therefore, this study aimed to determine the 

lysine requirement of juvenile dusky kob through the dose-response method by using diets 

containing crystalline lysine, fishmeal and soybean as protein sources, and also to estimate 

other essential amino acid requirements by using the ideal protein concept.

4.2. MATERIALS AND METHODS

4.2.1. Determination of dietary lysine requirement level

Experimental diets

Six isonitrogenous (431 g kg-1 CP) and isoenergetic (20 kJ kg-1) diets containing fishmeal and 

soybean meal as protein sources were formulated and supplemented with graded levels of L- 

lysine and a mixture of essential and non-essential amino acids were added to simulate the 

amino acid body profile of A.japonicus (Table 4.1). The crystalline L-lysine was added to the 

experimental diets at increments of 6 . 6  g kg-1, ranging from 0 to 33 g kg-1 of the dietary
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ingredients and a crystalline glutamic acid/aspartic acid ( 1 :1 ) mixture was used to standardise 

dietary protein levels. The level of protein in the diets was formulated to be about 431 g kg-1, 

which is slightly lower than the dietary protein requirement for dusky kob to ensure 

utilization of lysine for growth. The dry ingredients were weighed and mixed in an industrial 

food mixer (Macadam’s Baking Systems, SM-201, Cape Town, South Africa). The fish oil, 

sunflower oil and water were subsequently introduced to the dry ingredients and mixed to a 

homogenous dough. The dough was cold-extruded (ICME Motor electric Bologna, Italy), cut 

into pellets (2 mm), placed on trays and oven dried at 40 oC for 16 hours. The dietary lysine 

levels in the six experimental diets were confirmed by amino acid analysis (Waters AccQ Tag 

kits analyser) and the values were 18, 21, 29, 33, 36 and 42 g kg-1 dry diet, designated as 

DL1, DL2, DL3, DL4, DL5 and DL6 respectively. The analysed EAA content for each diet is 

presented in Table 4.2. The feed was placed into sealed packets, and stored at -20 oC until 

required. Sources and compositions of all the feed ingredients used in the formulation of 

experimental diets are presented in Appendix 1.
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Table 4.1. Formulation and proximate composition of experimental diets (g kg-1).

Ingredients DL1 (18) DL2 (2 1 ) DL3 (29) DL4  (33) DL5 (36) DL6 (42)
Formulation 
(g kg-1 dry matter)
Fishmeal standard1 350.0 350.0 350.0 350.0 350.0 350.0
Soybean meal1 90.0 90.0 90.0 90.0 90.0 90.0
Corn starch1 263.9 263.9 263.9 263.9 263.9 263.9
Fish oil 60.0 60.0 60.0 60.0 60.0 60.0
Sunflower oil 25.0 25.0 25.0 25.0 25.0 25.0
CAA2 41.7 41.7 41.7 41.7 41.7 41.7
L-Lysine-HCl2 0 0 . 0 6 . 6 13.2 19.8 26.4 33.0
L-asp/L-glu (1:1)2 33.0 26.4 19.8 13.2 6 . 6 0 . 0

CMC2 26.0 26.0 26.0 26.0 26.0 26.0
Vitamin/mineral 30.0 30.0 30.0 30.0 30.0 30.0
mixture1

Cellulose2 80.0 80.0 80.0 80.0 80.0 80.0
Analysed composition (g kg-1 dry matter)
Crude protein 410.6 420.6 426.9 428.4 430.3 432.5
Crude lipid 103.7 1 0 1 . 6 99.3 103.1 1 0 0 . 1 96.7
Ash 6 8 . 6 70.5 74.6 64.7 71.4 65.4
Gross energy (MJ kg- 
1)
Lysine

19.78 20.16 20.25 20.31 20.31 20.35

18.0 2 1 . 0 29.0 33.0 36.0 42.0
Crystalline amino acids (CAA); Carboxymethyl cellulose (CMC); aspartic acid (asp); 
glutamic acid (glu)
CAA mixture (g kg-1 DM): L-arginine 2; L-histidine 0.3; L-isoleucine 5.5; L-leucine 8.9; L- 
methionine 7.4; phenylalanine 4.4; L-threonine 6.0; L-valine 7.2.
1 Marifeed (Pty) Ltd, South Africa.
2 Sigma Aldrich, South Africa.

Table 4.2 Analysed essential amino acid composition (EAA, g kg-1) in the experimental diets 
(excluding tryptophan)

EAAs 
(g kg-1)

Diets
DL1

(18)
DL2

(2 1 )
DL3
(29)

DL4
(33)

DL5
(36)

DL6

(42)
Arginine 26 24 26 25 24 25
Histidine 03 04 05 05 06 07
Isoleucine 23 2 2 24 23 2 2 2 2

Leucine 41 39 43 41 40 42
Methionine 16 15 17 16 15 16
Phenylalanine 34 33 39 34 35 35
Threonine 24 2 2 24 2 2 2 1 2 2

Valine 28 26 29 28 27 28
Lysine 18 2 1 29 33 36 42
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Experimental conditions

The feeding trial was carried out at the Rhodes University Marine Research Laboratory in 

Port Alfred (33°45' S, 26°00' E), South Africa. Hatchery-reared dusky kob were supplied by 

Pure Ocean Pty Ltd (East London, South Africa) and acclimated to laboratory conditions for 

one month, prior to the experiment, during which time they were fed a commercial finfish 

feed thrice daily to apparent satiation (450 g kg-1 protein and 180 g kg-1 lipid; Marifeed Pty 

Ltd, South Africa). The experiment was carried out in a 3200 L recirculating system. 

Approximately 10 % of the system’s water was replaced daily with seawater pumped from 

the Kowie River Estuary. Each tank was aerated using air stones and water temperature was 

thermostatically controlled by a heater in the reservoir tank (500 L) and distributed to the 90 

L experimental tanks, which were cleaned of faeces by siphoning every morning. Water flow 

rate in each tank was maintained at 4 L/min. Water quality was measured daily, except 

ammonia nitrogen, which was measured once a week. The mean (± standard deviation) 

temperature, total ammonia nitrogen, dissolved oxygen and salinity during the trial was 

24.2±0.2 oC, 0.2±0.2 mg L-1, 4.7±0.3 mg L-1 and 34±0.7 L-1 respectively. A light regime of 

12 h light : 12 h dark was maintained throughout the experimental period. Two hundred and 

sixteen fish (mean weight: 4.5±0.2 g.fish-1) were randomly assigned to the 18 experimental 

tanks (12 fish.tank-1). Three replicate groups of fish were used to test each dietary 

formulation. Fish were fed to satiation three times daily. Satiation was assessed by their 

feeding behaviour; fish would swim to the water surface to ingest the feeds. As long as fish 

were fed to satiation, they would not come up to the water surface again. The experiment was 

undertaken over a 1 2 -week period.
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Data collection

Prior to the trial, the fish were purged for 24 h and 12 fish were randomly taken from the 

original population and euthanized ( 8  ml L-1 of the anaesthetic 2-phenoxy-ethanol) and frozen 

at -20oC for whole body proximate composition analysis. At the start of the experiment the 

fish were anesthetized (2-phenoxyethanol: 0.2 ml L-1) and individual fish weight (4.5±0.2 g) 

and total length (66.50±1.1 mm) were recorded using an electronic scale (Highlander, Adam 

Equipment, HCB 1002, UK) and a metre rule. The process was repeated every 21 days. At 

the end of the experiment, three fish per replicate were individually weighed, and the weights 

of the viscera and liver were recorded for the calculation of viscerosomatic index and 

hepatosomatic index. To establish the amino acid profile of the fish, three fish from each 

replicate were combined to form one composite sample for each treatment. The whole body 

of each fish was then sealed in a plastic bag and frozen at -20 oC for the analysis. Blood 

samples were collected from the caudal vein of three fish taken from each tank using a 

disposable hypodermic syringe fitted with a 26-gauge needle and expelled into separate 

heparinized tubes on ice, which were sent for analysis immediately. These analyses were 

undertaken 24 h after the last feeding.

Laboratory analyses, comprising estimations of crude protein, lipid, ash and energy, followed 

procedures recommended by the Association of Official Analytical Chemists (AOAC, 2003). 

Crude protein was determined using the Dumas combustion method in a LECO FP2000 

Nitrogen analyser (AOAC, 2003). Lipid was extracted from the samples by solvent petroleum 

ether using a Buchi 810 Soxhlet fat extractor (AOAC, 2003). The lipid percentage was 

calculated by gravimetric analysis. Ash content was determined by combustion at 550 oC in a 

muffle furnace for 24 h. Gross energy was determined using a bomb calorimeter (DDS 

Isothermal CP500) (AOAC, 2003). The amino acid content of the whole body tissue and feed 

formulation was determined after acidic and basic digestion for chromatographic and ion
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exchange analyses (high-performance liquid chromatography) performed in sealed glass 

tubes under a nitrogen atmosphere at 110 oC. Cysteine and methionine were determined by 

hydrolysis after oxidation with performic acid. After hydrolysis, the solutions were vacuum 

filtered, diluted to 0.25 M with 0.02 N HCl for adjusting the pH to 8.5, and filtered through a 

Millipore membrane (0.45 mm). Plasma protein estimations were carried out according to the 

method of Lowry et al. (1951). Blood glucose was determined by the glucose oxidase and 

peroxidase method using the glucose-GOD/POD kit and cholesterol level was determined by 

using the cholesterol oxidase/phenol + aminophenazone Kit (Triander, 1969). The analyses 

were carried out in a clinical laboratory.

Calculations

The following indices were determined:

• Growth rate was calculated as specific growth rate (SGR, % day-1) = (ln FBW -  ln 

IBW) x 100/t, where FBW is the final body weight (g); IBW is the initial body weight 

(g); t is the duration of the feeding trial (d);

• Feed intake (%, BW day-1) = 100 x I/[(IBW+FBW)/2 x t], where I (g) is the total dry 

feed fed; IBW is the initial body weight; FBW is the final body weight; t is the 

duration of the feeding trial;

• Feed conversion ratio (FCR) = total dry feed fed (g) / wet weight gain (g);

• Essential amino acid (EAA) retention (%) = (body EAAfinal x body weightfinal)-(body 
EAAinitial x body weight initial)/EAA intake x 100;

• Protein retention = (body proteinfinal x body weightfinal)-(body proteininitial x body 
weight initial)/protein intake x 1 0 0 ;

• Hepatosomatic index (HSI) = 100 x (liver weight, g) / (body weight, g);

• Condition factor (CF) = 100 x whole body weight (g) / [body length (cm)]3; and

• Viscerosomatic index (VSI) = 100 x Viscera weight (g) / whole body weight (g)
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4.2.2. Determination of dietary requirements for other essential amino acids using ideal 

protein concept

Eighty-seven juvenile dusky kob (Argyrosomus japonicus) with an average weight of 1.2±0.1 

g were collected from a commercial fish farm, euthanized, placed in crushed ice and 

transported to the laboratory for amino acid analysis.

The requirement of the EAAs were calculated using Equations 4.1 and 4.2 (Akiyama et al., 

1997):

Essential amino acids ratio (A/E) was calculated according to Equation 4.1

. . (  ind iv idua l EAA co n te n t  in th e  w h o le  b o d y  . ^  .A/E ratio = {---------------------- —--------------- ----- ------x 1000 Equation 4.1
l  to ta l  EAA c o n te n t  inc lud ing  cys te in e  an d  t r y ro s in e  j

The A/E ratio was then used to calculate the dietary requirements of amino acids based on the 

determined lysine requirement levels according to Equation 4.2

_  . . . (  r e q u i r e m e n t  for lys ine  x specific  A/E ra t io  "1 _  . . _EAA requirement = 1-----------------------—-------------------1 Equation 4.2
l  A/E  ra t io  for lys ine  J

4.2.3. Statistical analysis

Individual fish data for each replicate tank were pooled and the replicate mean was used in 

further analyses. Results were presented as means ± standard deviation. The Kolmogorov- 

Smirnov test was used to determine if the residuals of the data were normally distributed and 

the Levene test was used to check for homogeneity of variances. Treatment means were 

compared using a one-way analysis of variance (ANOVA), and Tukey’s multiple comparison 

test was used to evaluate the difference among individual diets at p<0.05.

All statistical analyses were conducted using STATISTICA™ Version 16.0.
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The optimum dietary lysine requirement, based on SGR, FCR and protein retention, was 

estimated using a ‘segmented’ broken line analysis [y = b1*x + b2*x(x-c) + gI(x>c)] that was 

determined using R Version 3.3.0 (Muggeo, 2008).

4.3. RESULTS

4.3.1. Growth performance

Growth performance was significantly affected by dietary lysine level (Table 4.3). No 

evidence of external outward pathological signs was noted in fish fed the low levels of 

dietary lysine. Feed intake was similar for all the treatments (p=0.078). Mean specific growth 

rate (SGR) ranged from 1.51 to 2.12 for fish fed higher levels of dietary lysine (>3.6 g kg-1 

dry diet), showing significantly lower SGR than fish fed lysine at 18, 21, 29 and 33 g kg-1 dry 

diet (Table 4.3). Fish fed with diets containing lysine at 21, 29 and 33 g kg- 1 dry diet had 

similar growth rate and showed a higher growth rate (SGR) than fish fed with diets 

containing lysine at 18 and 36 g kg-1 dry diet, while fish fed the diet containing the highest 

level of lysine at 42 g kg- 1 dry diet (DL6), had lower SGR (Table 4.3). Final mean body 

weights differed significantly among dietary treatments, with fish fed the lysine 2 1  g kg-1 

(DL2) and 33 g kg-1 dry diets (DL4) recording the highest final mean body weights, while fish 

fed the highest lysine level (42 g kg-1 dry diet) recorded the lowest final mean body weight. 

The final mean body weight (FBW) and LWG of fish fed the highest inclusion of lysine level 

(42 g kg-1 dry diet) were unexpectedly low (Table 4.3). Whole body protein retention was 

similar in fish fed lysine at 21, 29 and 33 g kg-1 dry diet and these values were significantly 

higher than those of fish fed the other diets (p<0.001). The most efficient feed conversion 

ratio (FCR) was observed in groups fed lysine at 29 g kg-1 dry diet. Fish fed at lysine 42 g kg- 

1 dry diet (DL6) showed a higher FCR than the fish fed the other experimental diets.
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Similarly, fish fed a diet exceeding 33 g kg-1 dry feed did not show any improvement in any 

of the growth parameters measured (Table 4.3).

4.3.2. Estimation of lysine requirement

Based on the SGR, the optimal lysine requirement for juvenile dusky kob was estimated to be 

31.7 g kg-1 dry diet (Figure 4.1), corresponding to 73.5 g kg-1 dietary protein. Similarly, 

values of 31.2±1.6 g kg-1 and 31.4±1.5 g kg-1 were estimated as optimal dietary lysine levels, 

using protein retention and FCR, respectively (Table 4.4).

4.3.3. Condition factor, hepatosomatic index and viscerosomatic index

Dietary lysine levels significantly affected the viscerosomatic index (VSI) and Hepatosomatic 

index (HIS) (p<0.05, Table 4.3). The HSI and VSI were higher in fish fed the lower level 

lysine diets than in those fish fed the higher lysine levels. The condition factor (CF) showed 

no significant differences among the treatments (p=0.22; Table 4.3).
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Table 4.3. Growth performance and feed utilization of juvenile dusky kob fed diets containing graded levels of lysine for 12 weeks. Means with 
a different superscript within each row were significantly different (ANOVA, p<0.05).

Dietary lysine levels (g kg-1 dry diet) 

Varia-bles DL1 (18) DL2 (21) DL3 (29) DL4  (33) DL5 (36) DL6  (42) P value

IBW 4.42±0.2 4.50±0.0 4.55±0.2 4.63±0.3 4.51±0.2 4.46±0.0 0.840
FBW 22.83±2.5c 26.72±1.5a 25.24±0.7b 26.72±1.8a 20.71±3.1d 15.90±1.5e 0 . 0 0 1

SGR 1.95±0.1b 2 .1 2 ±0 .1 a 2.08±0.0a 2.08±0.1a 1.80±0.2c 1.51±0.1d <0 . 0 0 1

FI 2.30±0.1 2.17±0.1 2.05±0.0 2 .1 1 ±0 . 2 2 .2 0 ±0 . 2 2.45±0.2 0.078

FCR 1.44±0.1b 1.28±0.1c 1.23±0.1e 1.27±0.1d 1.45±0.2b 1.85±0.2a 0 . 0 0 0

PR 7.47±0.9b 8.69±0.6a 8.72±0.7a 8.45±1.5a 6.48±1.2c 4.11±0.6d <0 . 0 0 1

CF 1 .1 0 ±0 . 0 1.16±0.1 1.13±0.1 1.16±0.0 1.18±0.0 1.19±0.1 0 . 2 2 0

HSI 2.95±0.1a 2.42±0.0b 2.13±0.3c 2.41±0.5b 1.87±0.1d 1.33±0.1e <0 . 0 0 1

VSI 8.59±0.2a 8.38±0.6b 7.94±0.5c 7.90±0.5c 6.85±0.5d 5.82±0.4e <0 . 0 0 1

IBW (g fish-1) initial mean body weight; FBW (g fish-1) final mean body weight; SGR, specific growth rate (% day-1); FI (% BW day-1) feed 
intake; PR, protein retention (%); FCR, feed conversion ratio; CF, condition factor; HSI, hepatosomatic index; VSI, viscerosomatic index



Table 4.4. The modled mean weight of juvenile dusky kob (g fish"1), measured every 21 days 
for 12 weeks, when fed different levels of dietary lysine (Regression Analysis); and the 
estimated optimal dietary lysine level using protein retention (%) and feed conversion ratio 
(Segmented, Broken Line Analysis).______________________________________________

Model r2 Break
point n

Regression analysis (mean body weight over 84 days):
DL1 18 g kg"1 Lysine y = 0.223 x + 3.299 0.963 " 15
DL2 21 g kg"1 Lysine y = 0.266 x + 3.023 0.963 " 15
DL3 29 g kg"1 Lysine y = 0.261 x + 3.024 0.964 " 15
DL4 33 g kg"1 Lysine y = 0.267 x + 3.048 0.930 " 15
DL5 36 g kg"1 Lysine y = 0.194 x + 3.341 0.910 " 15
DL6 42 g kg"1 Lysine y = 0.139 x + 3.902 0.953 " 15

Broken-line analysis (18-42 g kg-1 dietary lysine):
Protein retention (%) y = 0.091 x "0.470 x (x "31.21) + gI(x >31.21) 0.731 31.21±1.61 18
Food conversion ratio y = "0.017 x 0.062 x (x "31.44) + gI(x >31.44) 0.703 31.44±1.52 18

4.3.4. Plasma biochemistry parameters

The plasma biochemistry parameters of the juvenile dusky kob fed experimental diets 

containing different dietary lysine levels are presented in Table 4.5. Dietary lysine 

concentrations had no significant effect on plasma protein (p=0.68), total cholesterol 

(p=0.88), triglyceride (p=0.49) or glucose (p=0.26) levels.

Table 4.5. Determination of plasma protein, total cholesterol, triglyceride and glucose 
concentration in juvenile dusky kob fed with graded levels of lysine for 12 weeks (ANOVA, 
p<0.05).

Parameters
Dietary lysine levels (g kg"1 dry diet) 
DL1 DL2 DL3 
(18) (21) (29)

DL4
(33)

DL5
(36)

DL6
(42)

P
value

Total protein 
(g L"1)

42.50±3.5 44.50±3.3 50.50±2.1 41.50±4.2 51.00±3.6 51.50±3.6 0.68

Total
cholesterol 
(mmol L"1)

1.60±0.1 1.55±0.1 1.55±0.1 1.55±0.1 1.60±0.1 1.65±0.1 0.88

Triglyceride
(mmol L"1)

0.85±0.1 0.95±0.1 0.65±0.3 0.80±0.2 1.00±0.1 1.15±0.3 0.49

Glucose
(mmol L"1)

3.95±0.6 3.80±1.1 4.90±1.5 2.40±0.9 3.20±0.1 3.00±0.3 0.26
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4.3.5. Essential amino acid retention in the whole body tissue

Dietary lysine had a significant affect on the whole body retention of all the essential amino 

acids (p<0.001; Table 4.6). With the exception of histidine, amino acid retention increaded 

significantly with an increase in dietary amino acid from 18 to 21 g kg-1 (Table 4.6). In most 

cases retention reached a maximum between 21 and 33 g kg-1, and dropped significantly with 

further increases in dietary lysine (Table 4.6). Whole body histidine levels were highest when 

dieary lysine was fed at 18 g kg-1 and this decreased significnatly with increasing dietary 

lysine (p<0.0001; Table 4.6).

Table 4.6. Essential amino acid (EAA) retention (%) in the whole body tissue of juvenile 
dusky kob fed experimental diets with different dietary lysine levels (g kg-1 dry diet).

EAAs
Diets (g kg-1 

DL1 (18)
dry diet) 
DL2 (2 1 ) DL3  (29) DL4  (33) DL5 (36) DL6  (42) P value

Arginine 32.9±4.1b 43.0±2.9a 42.7±3.5a 36.7±6.6b 28.0±5.2d 23.9±3.1e 0.0009
Histidine 63.5±9.2a 33.1±3.5b 25.4±3.4c 4.5±3.7e 9.6±3.7d 5.1±2.0e <0 . 0 0 0 1

Isoleucine 21.3±2.9b 28.7±2.1a 27.7±2.5a 23.7±4.7b 16.4±3.6c 13.5±2.2d 0.0004
Leucine 21.1±2.9b 28.7±2.2a 27.1±2.5a 23.1±4.6b 16.6±3.6c 12.5±2.0d 0 . 0 0 0 2

Meth 20.84±2.9c 29.29±2.2a 28.20±2.6a 22.18±4.6b 17.68±3.9d 1 2 .6 6 ±2 .1 e 0.0003
Phenyl 17.1±2.2b 21.5±1.6a 18.4±1.6b 16.8±3.3b 12.1±2.5c 9.4±1.5d 0.0003
Threonine 26.7±3.0d 31.8±2.1a 30.4±2.4b 28.4±5.1c 25.0±4.1d 19.8±2.1e 0.0014
Valine 21.9±2.6c 27.2±2.1a 25.0±2.4b 20.0±4.4d 16.8±3.4e 13.4±2.0f 0 . 0 0 0 2

Lysine 44.7±6.2b 53.9±4.1a 41.56±3.8b 31.6±6.2c 19.18±4.1d 13.4±2.1e <0 . 0 0 0 1

Means with a different superscript within each row were significantly different (ANOVA, 
p<0.05).
Meth, methionine; Phenyl, phenylalanine.
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Figure 4.1. The relationship between specific growth rate (SGR) and dietary lysine levels (g 

kg-1 dry diet) in juvenile dusky kob (y = 0.0083x -  0.0618x(x-31.67) + gI(x>31.67).

4.3.6. Determination of dietary requirements for other essential amino acids

The mean whole body amino acid level of juvenile dusky kob ranged from 0.2 % (cysteine) 

to 16.1 % (glutamic acid) (Table 4.7). These data, together with a dietary lysine level of 73.5 

g kg-1 dry diet (which was determined in Section 4.3.2, Figure 4.1), were used to estimate the 

dietary requirements of the remaining nine essential amino acids. The dietary requirements of 

these amino acids ranged from 22 g kg-1 for histidine to 71 g kg-1 for leucine (Table 4.8).
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Table 4.7. Whole body composition of essential and non-essential amino acids of dusky kob 
A. japonicus (g/100 protein). Values are means ± standard deviation of three replicate 
analyses.

Composition %
Essential amino acid

Arginine 4.4±0.1
Histidine 2.4±0.2
Isoleucine 4.4±0.1
Leucine 7.8±0.1
Lysine 8.1±0.1
Methionine 3.3±0.0
Phenylalanine 4.4±0.1
Threonine 4.9±0.1
Valine 5.4±0.1

Non essential amino acid
Serine 4.7±0.1
Glycine 8.3±0.2
Aspartic acid 10.2±0.1
Glutamic acid 16.1±0.2
Alanine 6.7±0.1
Proline 5.1±0.2
Cysteine 0.2±0.1
Tyrosine 3.7±0.1

Table 4.8. Dietary quantitative essential amino acid (EAA) requirement (including cysteine 
and tyrosine) of A. japonicus (as feed basis).

EAA EAA body composition A/E ratio 
(g kg-1 dry matter)

Dietary EAA (g kg-1 
dietary protein)

Histidine 24 49.0 22
Arginine 44 89.8 40
Threonine 49 100.0 44
Lysine 81 165.3 73
Methionine 33 67.3 30
Methionine + Cys 35 71.4 32
Valine 54 110.2 49
Isoleucine 44 89.8 40
Leucine 78 159.2 71
Phenylalanine 44 89.8 40
Phenylalanine + Tyr 81 166.3 73
Cys-cysteine; Tyr-tyrosine.
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4.4. DISCUSSION

Supplementing dietary lysine significantly improved the growth performance of juvenile A. 

japonicus, which indicates that lysine is essential for the growth of the species, and further, 

that crystalline amino acids including lysine, can be utilised by this species. Broken line 

‘segmented’ analysis of the SGR indicates that to maximise the growth performance, juvenile 

dusky kob have a dietary lysine requirement of 31.7 g kg-1 dry diet. The dietary requirement 

of 31.7 g kg-1 dry diet equates to 73.5 g kg-1 dietary protein, which was lower than the 

reported value for black sea bream Sparus macrocephalus, 87.1 g kg-1 dietary protein (Zhou 

et al., 2010) and yellow catfish Pelteobagrus fulvidraco, 83.2 g kg-1 dietary protein (Cao et 

al., 2012). However, this level is higher than the range of values reported for other commonly 

cultured fishes (Wilson, 2002). Examples include rainbow trout Oncorhynchus mykiss, 60.1 

and 61.0 g kg-1 dietary protein (Yun et al., 2016; Ketola, 1983), stinging catfish 

Heteropneustes fossilis, 61 g kg-1 dietary protein (Khan, 2013), catla Catla catla, 62 g kg-1 

dietary protein (Ravi and Devaraj, 1991), Japanese seabass Lateolabrax japonicus 58-61 g 

kg-1 dietary protein (Mai et al., 2006), grouper Ephinephelus coioides 55.6 g kg-1 dietary 

protein (Luo et al., 2006), Indian major carp Cirrhinus mrigala 57.5 g kg-1 dietary protein 

(Ahmed and Khan, 2004) and beluga Huso huso 55 g kg-1 dietary protein (Hoseini et al., 

2013). The above-mentioned results suggest that juvenile dusky kob have a higher lysine 

requirement than that of other fish species. The explanation for this might be that dusky kob 

is a carnivorous fish with a concomitant high dietary protein requirement. Carnivorous fish 

species usually need higher lysine content in their diet than fish demanding low dietary 

protein (Zhou et al., 2007). In addition, the variation in the estimated lysine requirements 

reported for different fish species is probably due to a number of factors including dietary 

protein source, age, genetic strain, dietary energy content and essential amino acid profile of 

the animal and the protein source (De Silva et al., 2000; Forster and Ogata, 1998). Fish size,
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levels of other nutrients and experimental conditions (Kim et al., 1992), and the mathematical 

model used to estimate the requirement value (Mai et al., 2006; Zhou et al., 2007) have also 

been shown to influence the estimated requirements. The lysine in the control feed was 

relatively high due to the higher fishmeal content, so the increase in growth might have been 

more substantial with a lower base of lysine.

A number of researchers have suggested that fish do not utilise dietary crystalline amino 

acids (CAAs) as effectively as intact proteins (Wilson and Halver, 1986). It has been 

hypothesised that crystalline amino acids added to the diet in free-form are more readily 

absorbed than protein-bound amino acids (Yamada et al., 1981 and Murai et al., 1982), 

causing an imbalance in amino acid profile in the tissues, resulting in the diversion of amino 

acids into catabolic rather than anabolic processes (Cowey and Sargent, 1979). To avoid this 

metabolic effect, this study used a feeding frequency of three times per day. Yamada et al. 

(1981) showed that more frequent feeding intervals increase weight gain and utilisation of 

crystalline amino acids in common carp Cyprinus carpio. In the present study, feeds were 

offered by hand slowly and care was taken to avoid feed wastage, and to ensure that all the 

feed supplied was consumed. Thus, loss of feed and crystalline lysine due to leaching was 

avoided or minimised.

Depending on the level of dietary lysine deficiency, responses observed in fish have ranged 

from reduced growth rates to poor survival. Fin erosion and poor growth rate were observed 

in rainbow trout fed lysine deficient diets (Ketola, 1983). However, in this study, growth rates 

remained positive for fish fed at the lowest lysine level (18 g kg-1 dry diet) indicating that as 

little as 18 g kg-1 of dietary lysine was adequate, not only for meeting maintenance 

requirements, but to elicit some limited growth. However, this growth was indeed limited, so 

this level of lysine was evidently below optimum.
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In the present study, fish fed with diets containing 21, 29 and 33 g kg-1 lysine showed better 

growth performance and FCR than fish fed with diets containing 18 and 42 g kg-1 lysine, 

respectively. The same observations were made for protein retention, which was highest in 

fish fed the dietary treatments with a lysine level of 21, 29 and 33 g kg-1. This trend of weight 

gain is consistent with the results reported by earlier researchers (Ahmed and Khan, 2004; 

Furuya et al., 2012; Xie et al., 2012). The reduction in the growth of fish fed higher than the 

required levels of dietary lysine may be due to the stress caused by excess amino acids in the 

body of the fish leading to extra energy expenditure towards deamination and excretion 

(Abidi and Khan, 2010). Dietary lysine-arginine antagonism is a well-known phenomenon in 

poultry and rats (Jones, 1964; Harper et al., 1970; Fico et al., 1982), resulting in lower 

growth rate but few reports exists of this occurring in fish. Kaushik and Fauconneau (1984) 

have offered some biochemical evidence to indicate that some metabolic antagonism may 

exist between lysine and arginine in rainbow trout. The excessive dietary lysine of 3 % diet 

considerably affected the catabolism of dietary arginine. Similarly, some studies showed that 

a metabolic interaction occurred between arginine and lysine when elevated levels of either 

were fed to Atlantic salmon (Berge et al., 1998). Mai et al. (2006) also reported lower growth 

rate of Japanese seabass fed high levels of lysine (36.6 and 42.5 g kg-1 diet). Lysine retention 

was significantly affected by the dietary lysine level. This could be due to efficient utilization 

when dietary lysine was deficient, and poor utilization when it was in excess. This was 

consistent with the findings of Finke et al. (1987) and Gahl et al. (1991) who reported that 

decrease lysine retention at an excessive level of dietary lysine might develop due to 

diminishing returns in a dose-response approach in which efficiency decreases as the growth 

response approached the maximum.

A lower HSI in fish fed diets with higher levels of lysine compared to fish fed lysine- 

deficient diets, has been reported for different fish species, for example, stinging catfish

84



Heteropneustes fossilis (Khan, 2013), European seabass Dicentrarchus labrax (Tibaldi et al., 

1994), gilthead sea bream (Marcouli et al., 2006), turbot (Peres and Oliva-Teles, 2008) and 

silver perch (Yang et al., 2011). Probably due to deficiencies of dietary lysine for protein 

synthesis in fish fed diets with lower levels of dietary lysine at 18 g kg-1 dry diet, the dietary 

amino acids used to deposit muscle protein may have been converted to lipid or glycogen, 

and they consequently may have contributed to the decrease in CF and increase in HSI. Some 

reports have also suggested that the liver lipid content of fish is negatively correlated with 

dietary lysine levels (Luo et al., 2006; Zhou et al., 2010). In this study, dusky kob fed low 

dietary lysine diets expressed higher HSI values. The same trend was also observed for VSI.

It is well known that plasma glucose, triglyceride, cholesterol and total protein are related to 

fish health (Zhou et al., 2007) and they are important in assessing stress responses and 

nutritional condition in fish (Vazquez and Guerrero, 2007). Total protein can be used as a 

diagnostic tool and a valuable test for evaluating the general physiological state of the fish 

(De Pedro et al., 2005). Understanding the effect of lysine levels on health indices of dusky 

kob will contribute to a better comprehension of the dietary lysine requirement of this 

species. In this experiment total protein, cholesterol, triacylglycerol and glucose 

concentrations in plasma were not affected by the level of dietary lysine, which indicates that 

dietary lysine did not influence this aspect of A. japonicus health. This was in contrast to 

previous studies (Wang et al., 2005; Zhou et al., 2007). Wang et al. (2005) studying grass 

carp Ctenopharyngodon idella, observed that total protein, cholesterol, triacylglycerol and 

glucose in plasma increased with increasing dietary lysine up to 2.18 % (dry diet). After that, 

total protein reached a plateau, cholesterol and triacylglycerol showed a slight decline 

whereas glucose continued to increase. Zhou et al. (2007) showed that lysine concentration in 

serum significantly increased with the increased dietary lysine from 1.15 % to 2.38 % dry 

diet fed to cobia Rachycentron canadum. Lou et al. (2006) suggested that, in groupers,
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glucose was not affected by dietary lysine. There is little information available on the effect 

of lysine on blood characteristics and further investigation is needed.

The ideal protein concept has been used as a method to estimate the other EAA requirements 

when only one EAA requirement is known (Wilson, 2002). Recently, the dietary 

requirements for all EAAs have been determined from whole body amino acid profiles in 

bluegill (Masagounder et al., 2011), pacu (Abimorad et al., 2010), Chinese sucker (Lin et al., 

2012) and colliroja Astyanax fasciatus (Furuya et al., 2015). Determining EAA requirements 

by using the ideal protein concept is considered effective for establishing an ideal dietary 

protein profile for an emerging aquaculture species. However, the accuracy of this method 

has been questioned (Mambrini and Kaushik, 1995). The method ignores individual 

differences in maintenance requirements among EAAs (Mambrini and Kaushik, 1995) and 

assumes that the maintenance requirement of lysine and those of other EAAs is similar 

(Green and Hardy, 2002). Some AAs are needed in greater quantities for maintenance, while 

others are needed in greater quantities for growth (Wang and Fuller, 1989; Ng and Hung, 

1995). Amino acids needed in higher quantities for maintenance tend to be under-represented, 

and those needed more for protein growth over-represented, if whole body protein is used as 

an estimate for dietary AA pattern (Akiyama et al., 1997).

The deletion method, originally developed for pigs (Wang and Fuller, 1989), is based on the 

concept that if an AA is present in the diet in excess of the optimum level relative to other 

AAs, then deletion of that excess portion will have no effect on nitrogen retention (Wang and 

Fuller, 1989). This approach assumes nitrogen retention to be linearly correlated to dietary 

EAA content, when a particular amino acid is limiting. The deletion method could produce 

erroneous results if there is substantial deviation in the linear relationship between any EAA 

levels and nitrogen gain (Green and Hardy, 2002). Few studies have been conducted to
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determine dietary requirements of EAAs for fish using the deletion method (Green and 

Hardy, 2002; Rollin et al., 2003; Peres and Oliva-Teles, 2009).

Peres and Oliva-Teles (2009) found a strong correlation between EAA requirements 

determined by whole body amino acid composition (ideal protein concept) and those 

determined by the deletion method in gilthead seabream. Furthermore, Green and Hardy 

(2002) compared the deletion method and whole body amino acid pattern and concluded that 

the EAA pattern of whole body protein provides a good first approximation of the optimum 

dietary amino acid pattern, and could be used on an interim basis for fish species which have 

not been studied with respect to amino acid requirements, as has been suggested by Wilson 

and Poe (1985). The dietary requirement of fish is more precisely obtained by dose-response 

experiments compared to estimates from whole body amino acid profiles (NRC, 2011). It 

would be beneficial to compare estimates of EAA requirements in the current study with 

values determined from future dose-response studies.

At present A. japonicus in commercial South African farms are fed seabass diets. Dietary 

requirements of EAAs for dusky kob versus those for seabass (Kaushik, 1998) showed that 

dietary requirements for most EAAs appear to be lower for seabass than for dusky kob, 

suggesting that seabass diets may be deficient in certain EAAs needed for A. japonicus.

4.5. CONCLUSION

The result of the present study showed that lysine is essential for the growth of A. japonicus, 

and the species is able to efficiently utilize crystalline lysine. The optimum dietary lysine 

level for growth performance of dusky kob was estimated to be 31.7 g kg-1 on a dry diet basis 

corresponding to 73.5 g kg-1 protein. The lysine level and the whole body amino acid profile 

were successfully used to estimate the dietary requirements of the other essential amino acids.
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CHAPTER 5

CONCLUSION

At the start of this research, knowledge on the dietary essential amino acids requirement of A. 

japonicus and essential amino acid digestibility of feed ingredients did not exist for this 

species, and this information is crucial to formulating species-specific diets. To address this, a 

comprehensive series of trials were conducted. This research followed a seven-step approach: 

(i) identifying a suitable marker for digestibility studies in Argyrosomus japonicus, (ii) 

identifying suitable faecal collection techniques for digestibility studies in A. japonicus, (iii) 

evaluating the apparent protein and amino acid digestibility from common animal feed 

ingredients for A. japonicus using single protein source, (iv) evaluating a reference diet 

substitution method for determination of apparent protein and amino acid digestibility 

coefficients of feed ingredients (plant and animal) for A. japonicus, (v) determining the 

additivity of the apparent protein and amino acid digestibility in compound diets for A. 

japonicus, (vi) determining the optimal dietary lysine requirement for juvenile Argyrosomus 

japonicus, and (vii) determining the whole body amino acid composition and using this to 

evaluate the optimum dietary essential amino acid profile for juvenile A. japonicus. It is 

important to recognize that nutritional research programs should follow a stepwise approach 

before the conclusions that are drawn in this field of research can be considered reliable. 

Therefore, this study has established a seven-step approach to fish nutritional research 

programs (Figure 5.1).
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Marker techniques Evaluation of different digestibility markers 
• External and internal markers

Faecal collection methods

Individual ingredient evaluation

Comparison between different faecal 
collection methods

• Stripping
• Dissection
• Settlement method (modified 

Guelph system)

Apparent digestibility coefficient of nutrients 
and amino acid availability of animal feed 
ingredients

Reference diets-substitution 

evaluation

Nutrient additivity

Dietary lysine requirement

Essential amino acids requirement

Nutrients digestibility and amino acids 
availability from plant and animal protein 
included at 30 % into a practical reference 
diet (70 %).

Comparison between digestibility of single 
protein source ingredients to reference 
diets-substitution method

A dose-response study to determine the 
optimal requirement of dietary lysine

Requirements for other essential amino 
acid based on ideal protein concept

Figure 5.1. A seven-step approach to fish nutritional research programs
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Prior to the start of trials to determine the nutrient digestibility of feed ingredients by dusky 

kob, a suitable protocol was established in order to produce valid digestibility values. The 

determination of accurate digestible nutrient values of feed ingredients depends on having a 

viable method to measure the digestibility of these parameters in the diet (Sugiura et al., 

1998; Blyth et al., 2015). It should be noted that the digestibility values of aquafeeds may 

vary significantly depending on the different analytical methods used (Glencross et al., 

2007). In order to determine the nutrient digestibility of feed ingredients, an accurate faeces- 

collecting method and marker technique should be used to provide reliable data on the 

digestive capacity of the species under study. Therefore, the first step in a nutritional research 

program is to evaluate faecal collection methods for a selected fish species. It is well known 

that faecal collection methods can affect the determination of the digestibility values of diets. 

In the present study, various faecal collection methods ranging from the stripping method, 

intestinal dissection and faecal sample collection from the water by using the settlement tank 

(modified Guelph system) were evaluated. This study demonstrated that A. japonicus is easily 

stressed as observed during stripping. Based on the level of variability, as noted by the 

magnitude of the standard deviations for stripping in the data collected, the settlement method 

was found to be the preferred technique for collecting faeces for the determination of 

ingredient digestibility in A. japonicus.

Although, there are many concerns with regard to the degree of nutrient leaching, which may 

occur with settlement method, research has shown that nutrient loss is minimal when using 

this method. Similarly, Cho and Slinger (1979), and Cho et al. (1982) showed that the results 

obtained by intestinal dissection and by anal suction were not significantly different from the 

results obtained by the Guelph system for the digestibility of dry matter, crude protein and 

lipid. This indicates that nutrient leaching is an unlikely source of error when using this 

method.
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A wide range of markers has been used in aquaculture nutrition for different fish species. In 

this study, chromic oxide, titanium oxide and acid-insoluble ash were evaluated. The 

performance of chromic oxide as a dietary marker during this investigation was unexpected. 

It is possible that there was a lack of uniform dispersion of Cr2O3 in the feed as well as in the 

faecal matter and thus a larger devaiation around the mean might have occurred. Further 

work is warranted to determine possible analytical errors.

In the current investigation, acid-insoluble ash is chosen as a dietary marker. In comparison 

to values obtained from chromic oxide and titanium dioxide, the variability between the 

samples in acid-insoluble ash results was reduced. Based on the present results acid-insoluble 

ash, a natural component of feed is a preferred marker for use in A. japonicus digestibility 

studies. The advantages of using acid-insoluble ash, as a digestibility marker is its low cost 

and ease of measurement using basic laboratory equipment (Goddard and McLean, 2001).

The above nutritional protocol is essential for establishing a reliable method for digestibility 

estimates. Other researchers have followed this same protocol before conducting digestibility 

trials for different fish species (Tacon and Rodrigues, 1984; Goddard and McLean, 2001; 

Atkinson et al., 1984; Morales et al., 1999; Shipton and Britz, 2001; Blyth et al., 2015; Hien 

et al., 2010; Vandenberg and De la Noue, 2001; Mota et al., 2015).

Evaluating a method in nutritional studies will certainly yield the most accurate results. This 

appoach is more costly, nevertheless it is practicable. Successful validation of these methods 

will assist in digestibility estimates.

However, many reserachers tend not to follow these protocols before embarking on 

digestibility studies. They randomly assumed a particular digestibility marker or collection 

method without evaluation. Clearly, the inappropriate use of digestibility markers or faecal
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collection methods in fish nutritional studies may lead to fictitious digestibility estimates. 

Until this study, there have been no comparative studies to determine the most suitable 

dietary marker for A. japonicus. Booth et al. (2013) collected faeces by the settlement method 

using chromic oxide in a digestibility study with A. japonicus, while Pirozzi et al. (2010) 

used diatomaceous earth to calculate apparent digestibility in A. japonicus.

By establishing an appropriate digestibility protocol (marker techniques and faecal collection 

method), it was possible to evaluate protein and amino acid digestibility of feed ingredients. 

Protein and amino acid digestibility are the most important task in evaluating the suitability 

of feed ingredients for a fish species (De Silva et al., 2000). The apparent protein and amino 

acid digestibility values of various feed ingredients (fishmeal-prime, fishmeal-standard, 

poultry meal, pork meal, blood meal, canola meal, soybean meal, sunflower meal and corn 

gluten meal) were determined. This is the first report on the amino acid digestibility 

coefficients for a variety of potential ingredients for A. japonicus diets.

In the present study, high apparent digestibility values of protein and essential amino acid 

digestibility were observed for all the experimental diets. Histidine was least available for A. 

japonicus in all the protein sources tested. The variation for fishmeal-prime histidine was 

higher than expected, although it was significantly lower than other treatments.

This study showed that poultry meal and soybean meal appear to be good ingredients for A. 

japonicus diets in term of the digestibility of crude protein and essential amino acid. 

Therefore, these ingredients could be incorporated in diets for A. japonicus and partially 

replace fishmeal. Among other ingredients tested, canola meal, sunflower meal and blood 

meal were also effectively digested, and also show potential for use in the diet of this species.
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In general, A. japonicus appears to have a high capacity to digest crude protein and essential 

amino acids from a range of feed ingredients, including animal and plant protein origin.

A fundamental assumption used to formulate nutritionally complete feeds is that the nutrient 

digestibility in individual feedstuffs are additive in order to meet the nutrient specifications of 

the diets. Additivity is assumed to be applicable under most practical situations but has rarely 

been tested experimentally. In this study, a trial was conducted to evaluate the accuracy of the 

prediction of apparent protein and amino acid digestibility in compound formulations with 

the use of digestibility values estimated from individual feed ingredients. Additivity was 

tested using poultry meal and pork meal. It was established that protein and amino acid 

digestibility in animal protein ingredients are additive in A. japonicus and values determined 

for single protein source ingredients may be used to estimate digestibility in formulated 

compound diets. This is similar to the findings of Lupatsch et al. (1997), who concluded that 

nutrients digestibility in gilthead seabream were additive. However, non-additivity, due to 

interactions among dietary ingredients, is common in terrestrial herbivores’ nutrition and is 

also found with some aquatic species (Sales and Britz, 2002; Sales, 2009).

Data obtained describing essential amino acid digestibility of feed ingredients would remain 

of limited value until the dietary essential amino acid requirements have been established. 

Once, the dietary essential amino acid requirements have been established, it becomes 

possible to use the essential amino acid digestibility data obtained from this study to design 

diets that supply optimal balance and adequate levels of essential amino acids to dusky kob. It 

is noteworthy that this is the first research work on essential amino acid digestibility, 

additivity and essential amino acid requirements in A. japonicus.

This research has established a species-specific seven-step approach to a nutritional research 

program; based on digestibility protocols, feed ingredients digestibility and essential amino
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acid requirements of fish species. A stepwise nutritional approach in fish nutrition provides 

an extremely useful tool in development of diets or nutritional studies for a fish species. This 

approach should be followed before reliable conclusions can be drawn in fish nutrition. 

Furthermore, the species-specific seven-step nutritional research approach suggested in this 

study is highly adaptive and could be applied to other carnivorous finfish species that are 

being explored as potential aquaculture candidates.

A framework for evaluation of the species-specific seven-step approach is provided in Figure

5.1. It can be concluded that by applying this approach in nutritional research programs, an 

understanding of basic nutrient requirements that can be used to formulate nutritional, least- 

cost balanced diets that will optimise growth and reduce pollution could be established.

As dusky kob aquaculture is still new in South Africa, there will be an increasing need to 

formulate diets based on amino acids rather than protein requirement. Thus, data provided in 

this study could be used to develop nutritionally, least-cost diets for A. japonicus. In addition, 

studies should be conducted on grow-out fish to confirm the present findings and to quantify 

the impact on fish performance and on environmental water quality.
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APPENDICES

Appendix 1

Sources and compositions of all the feed ingredients used in the formulation of experimental 
diets in this thesis.

Feed ingredient

Feed ingredient 
composition
Protein (%) Lipid (%) Gross energy (MJ/kg)

FMprime1 64.78 7.65 18.64
FMstandard1 57.19 7.51 17.13
PLM2 65.61 0.58 20.10
PKM2 49.16 1.46 16.76
CNM1 33.42 3.5 19.4
CGM1 47.74 8.49 21.03
SBM1 45.60 1.21 17.20
SFM1 34.90 11.22 17.51
BLM, spray dried2 89.5 0.17 22.78

FM, fishmeal, PLM, poultry meal, PKM, pork meal, CNM, canola meal; CGM, corn gluten 
meal, SBM, soybean meal; SFM, sunflower meal and BLM, blood meal, spray dried.
1 Marifeed Pty Ltd, Hermanus, South Africa.
2 Ingredients sourced and provided by Montego Pty Ltd, Eastern Cape, South Africa.

Appendix 2

Amino acid digestibility (%) in the reference diet (mean ± standard deviation, n=3).

Reference diet Amino acid digestibility
EAA

Arginine 83.80±5.7
Histidine 62.67±25.2
Isoleucine 78.57±8.7
Leucine 81.67±7.6
Lysine 85.00±7.3
Methionine 80.20±10.7
Phenylalanine 76.96±0.0
Threonine 78.32±9.0
Valine 78.15±8.9

NEAA
Aspartic acid 48.38±20.2
Glutamic acid 71.83±11.6
Alanine 75.61±10.8
Glycine 64.72±16.9
Serine 77.08±9.34
Proline 70.67±14.3
Tyrosine 67.03±14.6
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Appendix 3

Acid insoluble-ash content of dusky kob feed and faeces (mean value of three sample 
replicate expressed in % dry matter, ±standard deviation).

Feed Faeces
Single protein source

Fishmeal prime 0.55 0.66±0.1
Fishmeal standard 0.52 0.87±0.2
Pork meal 0.80 0.85±0.2
Poultry meal 0.88 0.99±0.0

Substitution method

Pork meal 1.03 1.23±0.3
Poultry meal 0.97 1.05±0.2
Canola meal 0.50 1.35±0.1
Corn gluten meal 0.40 1.19±0.4
Sunflower meal 0.63 1.19±0.2
Soybean meal 0.51 1.71±0.3
Blood meal 0.62 1.44±0.1

Reference diet 1.49 1.31±0.3
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