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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 ��  

�������	� , 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 �������  2013; Aya �������  2015; Chor
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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 �������  1997

Alanine, glutamic acid and 
Serine

Appetite Many fishes Shamushaki �������  
2007

Glutamate Ammonia removal Rainbow trout Anderson �������  2002
Glycine Increase hepatic T4 5 

monodeiodinase
Rainbow trout Riley �������  1996

Histidine Protection against pH 
change

Salmon Mommsen �������  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 �������  2006

Phenylalanine and tyrosine Influence pigmentation Japanese flounder Yoo �������  2000
Tryptophan Modulate cortisol 

release, behaviour and 
feeding

Rainbow trout Lepage �������  2002

Taurine Gut development Cobia Salze �������  2008
Proline Enhance growth; 

Collagen function
Salmon Aksnes �������  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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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 ��� ����  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 �������  2006; Deng �������  

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 �������  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 ��� ����  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 ��� ����  2007). Apparent digestibility coefficients are also necessary to allow
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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 �������  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 �������  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 �������  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 �������  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 �������  2015; Rossi �������  2016). Alternative markers include 

acid-insoluble ash, polyethylene, titanium dioxide, barium oxide and yttrium (Sugiura �������  

1998; Riche �������  1995; Austreng �������  2000; Krontveit �������  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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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 ����������	��  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 ����������	��

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

validity of digestibility markers for ����������	� . It also documents digestibility information 

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

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

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 ���������	���������	�  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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