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Two feeding experiments were conducted to re-evaluate the

total sulphur amino acid (TSAA; methionine and cystine)

requirement and determine the replacement value of cystine

for methionine of juvenile Nile tilapia (Oreochromis niloti-

cus). Semi-purified diets used in both experiments con-

tained 3510 kcal gross energy and 280 g of protein per

kilogram diet from casein, gelatin and crystalline amino

acids. The basal diet of the first experiment contained 3.1 g

methionine and 0.4 g cystine per kilogram. LL-methionine

was added to the seven remaining diets at 1.0 g kg)1

increment to produce methionine levels ranging from 3.1 to

10.1 g kg)1 diet. Each diet was fed to four replicate groups

of juvenile Nile tilapia (1.28 g mean weight) in a recircu-

lation system for 8 weeks. Broken-line regression analysis

of weight gain data indicated that the TSAA requirement

of juvenile Nile tilapia was 8.5 g kg)1 of the diet or

30.4 g kg)1 of dietary protein. In the second experiment,

TSAA level was set at 95% of the requirement value

determined in the first experiment. Seven diets were made

with different ratios of LL-methionine and LL-cystine (20 : 80,

30 : 70, 40 : 60, 50 : 50, 60 : 40, 70 : 30 and 80 : 20, based

on an equimolar sulphur basis). Each diet was also fed to

four replicate groups of juvenile Nile tilapia (4.14 g mean

weight) in a recirculation system for 8 weeks. Regression

analysis of weight gain data using broken-line model

indicated that cystine (on a molar sulphur basis) could

replace up to 49% of methionine requirement in semi-

purified diets for juvenile Nile tilapia.
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Tilapia is one of the most important farm-raised fish and has

an increasing role in the international aquatic food trade. In

2004, world production of farmed tilapia exceeded 2 002 087

metric tonnes, trailing behind carps but exceeded that of the

salmonids. The rapid improvements in domestication and

wider consumption patterns may mean that tilapia may

eventually overtake the carps to become the most important

farmed fish (Fitzsimmons 2006). There are about 10 species

of tilapia that have been used for aquaculture. Nile tilapia is,

by far, the most important farmed tilapia species in the

world. It represented more than 80% of total tilapia pro-

duction during 1970–2002 (El-Sayed 2006). Nile tilapia also

ranked sixth in terms of global farmed fish production in

2002, after silver carp, grass carp, common carp, crucian carp

and big head carp (El-Sayed 2006).

In intensive culture systems, nutritionally complete feeds

have been used and comprised a major proportion of tilapia

production cost. Hence, the development of cost-effective

feeds is critical to economic success. As protein is the most

costly component of complete feeds, the utilization of cheap

and locally available plant and animal protein sources would

reduce feed costs. Quite often, these ingredients are limited in

total sulphur amino acid (TSAA), especially methionine.

Thus, to maximize their utilization, the understanding of the

TSAA requirement of juvenile Nile tilapia is very important.

Generally, the TSAA requirement could be met by either
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methionine alone or the proper mixture of methionine and

cystine (Shiau 2002). As cystine can only be synthesized from

a methionine precursor, its presence in the diets reduces

methionine requirement and finally, feed cost. Up to date,

several studies have been conducted to determine the TSAA

requirement of juvenile Nile tilapia. However, there are

considerable differences in reported values. Santiago &

Lovell (1988) determined that the TSAA requirement of Nile

tilapia fry was 9.0 g kg)1 of the diet (consisted of 7.5 g

methionine and 1.5 g cystine kg)1) or 32.2 g kg)1 of dietary

protein while Kasper et al. (2000) concluded that the

requirement of these amino acids for the same species was

only 5.0 g kg)1 of the diet or 15.6 g kg)1 of dietary protein.

If we are to maximize the use of low-cost protein sources, we

must better re-evaluate the TSAA requirement and determine

the replacement value of cystine for methionine in semi-

purified diets for juvenile Nile tilapia. This serves as the

objective of the present study.

The present study was conducted at the E.W. Shell Fisheries

Center in Auburn, AL, USA. In the first experiment, genet-

ically male Nile tilapia fry were obtained from Til-Tech

Aquafarm, Robert, LA, USA and raised in a recirculation

system for 4 weeks using a commercial fry feed (AquaMax,

St. Louis, MO, USA) before stocking. The second experi-

ment utilized Nile tilapia fry (Ivory Coast strain) spawned at

E.W. Shell Fisheries Center, collected as swim-up fry from

earthen ponds. The fry were stocked into 45-L aquaria of an

indoor recirculation system and fed with methyltestosterone-

treated feed (Rangen Inc., Buhl, ID, USA) for 4 weeks, then

with a commercial fry feed (AquaMax) until the beginning of

this experiment. All juveniles were acclimated to a basal diet

for 1 week before starting each experiment.

Semi-purified test diets of both experiments were formulated

to contain 3510 kcal gross energy and 280 g protein per

kilogram diet. Gelatin, casein and crystalline amino acids

served as protein sources. Choline chloride was added to all

test diets to meet the requirement as determined by Kasper

et al. (2000) so that methionine would not be used as a

methyl donor. In order to enhance palatability, pH of all

diets was adjusted to 7.0 with a solution of 6 N sodium

hydroxide (NaOH; MP Biochemicals Inc., Solon, OH, USA)

based on the method reported by Wilson et al. (1977). A 5-g

portion of the diet was homogenized with 50 mL of distilled

water and pH of the supernatant was determined. NaOH

solution was then added to this supernatant to establish a pH

value of 7.0. Feed ingredients were weighed and mixed in a

Hobart mixer (Hobart Inc., Troy, OH, USA) for 20 min.

After mixing, hot water and NaOH (6 N) were added to

produce a mash appropriate for extruding. All diets were

then extruded in a Hobart meat grinder using a 3-mm die,

dried at 35 �C in a forced-air oven for 24 h and stored at

)20 �C until fed.

The first experiment was designed to determine the TSAA

requirement of juvenile Nile tilapia. Eight diets were formu-

lated to contain 113.6 g of intact protein per kilogram diet

(gelatin and casein) and the rest came from crystalline amino

acids. Protein level of these diets (280 g kg)1) was slightly

lower than the reported optimum requirement for juvenileNile

tilapia (Wang et al. 1985; Abdelghany 2000) for maximum

utilization of protein for growth. The basal diet (Table 1)

contained 3.1 g methionine and 0.4 g cystine per kilogram.

LL-methionine was added to the seven remaining diets at

1.0 g kg)1 increment to provide methionine levels ranging

from 3.1 to 10.1 g kg)1 of the diet. Other essential amino acids

were added to reach 105% of the requirements as determined

by Santiago&Lovell (1988) to ensure that they are not limited.

Glutamic acid was used as a replacement for methionine to

maintain a constant protein level in all diets. Amino acid

profile of the basal diet is presented in Table 2. Non-essential

amino acids were included to simulate the amino acid content

of a 280 g kg)1 whole egg protein (Table 3).

The second experiment was conducted to determine the

replacement value of cystine for methionine for juvenile Nile

tilapia. TSAA level of test diets was set at 95% of the

requirement determined in the first experiment. Seven semi-

purified diets (280 g kg)1 protein) were formulated to con-

tain different methionine : cystine ratios (20 : 80, 30 : 70;

40 : 60; 50 : 50; 60 : 40, 70 : 30 and 80 : 20, based on an

equimolar sulphur basis; Table 4). These diets contained

91.7 g of intact protein per kilogram diet (gelatin and casein)

and the rest came from crystalline amino acids. The inclusion

of essential and non-essential amino acids into each diet

followed the same procedure described in the first experiment

(Tables 5 and 6).
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Juvenile Nile tilapia averaging 1.28 and 4.14 g were used

for the first and second experiments, respectively. Fish were

randomly stocked into 45-L aquaria at 15 fish per aquar-

ium equipped with an indoor recirculating system. There

were four replicates per treatment. In this system, water

temperature was maintained at around 28 �C using a

Table 1 Composition of the basal diet for determining TSAA

requirement (Experiment 1)

Ingredients

Composition

(g kg)1)

Gelatin1 20.00

Casein (vitamin-free)1 110.00

Amino acid mixture2 154.00

LL-methionine1 0.00

Glutamic acid1 12.40

Corn starch1 469.60

Menhaden fish oil3 50.00

Trace mineral premix4 5.00

Vitamin premix (choline- and vitamin C-free)5 10.00

Calcium phosphate, dibasic1 40.00

Choline chloride1 3.00

Stay C (25% vitamin C activity)6 1.00

Cellulose1 125.00

1 MP Biochemicals Inc., Solon, OH, USA.
2 Tables 2 and 3.
3 Omega Protein Inc., Reedville, VA, USA.
4 Contained (as g kg)1 premix): cobalt chloride, 0.04; cupric sul-

phate pentahydrate, 2.50; ferrous sulphate, 40.00; magnesium

sulphate anhydrous, 138.62; manganous sulphate monohydrate,

6.50; potassium iodide, 0.67; sodium selenite, 0.10; zinc sulphate

heptahydrate, 131.93; cellulose, 679.64.
5 Contained (as g kg)1 premix): thiamin-HCl, 0.438; riboflavin,

0.632; pyridoxine-HCl, 0.908; DD-pantothenic acid, hemicalcium salt,

1.724; nicotinic acid, 4.583; biotin, 0.211; folic acid, 0.549; vitamin

B12, 0.001; inositol, 21.053; menadione sodium bisulphite, 0.889;

vitamin A acetate (500000 IU g)1), 0.677; vitamin D3

(1 000 000 IU g)1), 0.116; DLDL-alpha-tocopheryl acetate (250 IU g)1),

12.632; alpha-cellulose, 955.589.
6 Hoffman-La Roche Vitamins Inc., Parsippany, NJ, USA.

TSAA, total sulphur amino acids.

Table 4 Composition of the basal diet for determining the replace-

ment value of cystine for methionine (Experiment 2)

Ingredients

Composition

(g kg)1)

Gelatin1 110.0

Casein (vitamin-free)1 30.0

Amino acid mixture2 151.4

LL-methionine1 0.0

Cystine1 5.0

Glutamic acid1 1.0

Corn starch1 469.6

Menhaden fish oil3 50.0

Trace mineral premix4 5.0

Vitamin premix (choline- and vitamin C-free)5 10.0

Calcium phosphate, dibasic1 42.5

Choline chloride1 3.0

Stay C (25% vitamin C activity)6 1.0

Cellulose1 121.5

1 MP Biochemicals Inc., Solon, OH, USA.
2 Tables 5 and 6.
3 Omega Protein Inc., Reedville, VA, USA.
4 Contained (as g kg)1 premix): cobalt chloride, 0.04; cupric sul-

phate pentahydrate, 2.50; ferrous sulphate, 40.00; magnesium

sulphate anhydrous, 138.62; manganous sulphate monohydrate,

6.50; potassium iodide, 0.67; sodium selenite, 0.10; zinc sulphate

heptahydrate, 131.93; cellulose, 679.64.
5 Contained (as g kg)1 premix): thiamin-HCl, 0.438; riboflavin,

0.632; pyridoxine-HCl, 0.908; DD-pantothenic acid, hemicalcium salt,

1.724; nicotinic acid, 4.583; biotin, 0.211; folic acid, 0.549; vitamin

B12, 0.001; inositol, 21.053; menadione sodium bisulphite, 0.889;

vitamin A acetate (500 000 IU g)1), 0.677; vitamin D3

(1 000 000 IU g)1), 0.116; DLDL-alpha-tocopheryl acetate (250 IU g)1),

12.632; alpha-cellulose, 955.589.
6 Hoffman-La Roche Vitamins Inc., Parsippany, NJ, USA.

Table 2 Amino acid composition (g kg)1) of the basal diet calculated

based on reported values for determining TSAA requirement

(Experiment 1)

Amino acids

Gelatin and

casein

Crystalline

amino acid1 Total

Methionine 3.1 – 3.1

Cystine 0.4 – 0.4

Arginine 5.1 7.3 12.4

Histidine 3.0 2.0 5.0

Isoleucine 5.8 3.4 9.2

Leucine 9.9 0.1 10.0

Lysine 8.3 6.7 15.0

Phenylalanine 5.3 5.7 11.0

Tyrosine 5.2 7.6 12.8

Threonine 4.6 6.5 11.1

Tryptophan 1.3 1.6 2.9

Valine 7.8 0.4 8.2

1 MP Biochemicals Inc., Solon, OH, USA.

TSAA, total sulphur amino acids.

Table 3 Composition of non-essential amino acid premix (g kg)1) of

the basal diet for determining TSAA requirement (Experiment 1)

Amino acids1 Composition (g kg)1)

Aspartic acid 26.2

Serine 19.3

Proline 9.4

Glutamic acid 34.2

Glycine 9.1

Alanine 14.5

1 MP Biochemicals Inc., Solon, OH, USA.

TSAA, total sulphur amino acids.
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submerged 3600-W heater (Aquatic Eco-Systems Inc.,

Apopka, FL, USA). Dissolved oxygen was maintained near

saturation using air stones in each aquarium and the sump

tank using a common line connected to a regenerative air

blower. Dissolved oxygen and temperature were measured

once a day using an YSI-55 digital oxygen meter (YSI

Corporation, Yellow Springs, OH, USA) while pH, total

ammonia nitrogen (TAN) and nitrite-nitrogen were mea-

sured twice per week. pH was measured by an electronic

pH meter (pH pen; Fisher Scientific, Cincinnati, OH,

USA). TAN and nitrite-nitrogen were measured using the

methods described by Solorzano (1969) and Parsons et al.

(1985), respectively. Photoperiod was set at 14 h light and

10 h dark. Diets were offered to fish at 30–70 g kg)1 body

weight daily, according to fish size and divided into two

equal feedings at 8–9 AMAM and 4–5 AMAM. Tilapia were weighed

weekly and feed rations adjusted accordingly. Both exper-

iments were conducted for 8 weeks. At the end of each

experiment, fish were counted and group weighed to

determine weight gain and survival.

Statistical analyses were performed using SAS (version 9.1;

SAS Institute, Cary, NC, USA). Data from both experiments

were analysed using one-way analysis of variance to deter-

mine if significant differences (P £ 0.05) exist in weight gain

and survival. Student–Newman–Keuls multiple comparison

test (Steel & Torrie 1980) was utilized to determine differ-

ences among treatment means. Regression analysis of weight

gain using broken-line model (Robbins 1986) was used to

determine the TSAA requirement and replacement level of

cystine for methionine.

The mean (±SD) of water quality variables of the first

experiment was as follows: dissolved oxygen, 6.15 ± 0.31

mg L)1; water temperature, 30.2 ± 1.2�C; TAN, 0.140 ±

0.149 mg L)1; nitrite-nitrogen, 0.017 ± 0.008 mg L)1; pH,

8.4 ± 0.1. These values were within optimum ranges for

normal growth and health of juvenile tilapia (El Gamal 1988;

Wangead et al. 1988; Watanabe et al. 1993; El-Shafai et al.

2004).

No significant differences were observed among the sur-

vival of juvenile Nile tilapia of all treatments (63.3–83.3%;

Table 7). Although there were no significant differences in

survival rate among treatments, these values were lower at

methionine levels of 3.1, 4.1 and 10.1 g kg)1 of the diet as

compared with other levels. Weight gain of juvenile Nile

tilapia fed diets 1 to 4 (methionine levels from 3.1 to

Table 7 Weight gain and survival of juvenile Nile tilapia fed graded

levels of methionine in the first experiment. Values are means of four

replicates. Means with the same superscript in the same column are

not significantly different (P > 0.05)

Methionine level

(g kg)1 of the diet)1

Weight

gain (%)2 Survival (%)

3.1 346.5c 63.3a

4.1 347.7 c 66.7 a

5.1 405.6 c 83.3 a

6.1 427.4 c 75.0 a

7.1 459.3bc 75.0 a

8.1 551.3ab 76.7 a

9.1 615.5a 70.0 a

10.1 563.7ab 68.3 a

PSE3 28.7 5.19

P-value 0.0001 0.21

1 All test diets contain 0.4 g kg)1of cystine.
2 Weight gain (%) = [(final wt. ) initial wt.)/initial wt.] · 100.
3 PSE, pooled standard error.

Table 5 Amino acid composition (g kg)1) of the basal diet calculated

based on reported values for determining the replacement value of

cystine for methionine (Experiment 2)

Amino acids

Gelatin and

casein

Crystalline

amino acid1 Total

Methionine 1.6 – 1.6

Cystine 0.2 5.0 5.2

Arginine 8.7 3.7 12.4

Histidine 1.6 3.4 5.0

Isoleucine 3.0 6.2 9.2

Leucine 5.6 4.4 10.0

Lysine 6.0 9.0 15.0

Phenylalanine 3.2 7.8 11.0

Tyrosine 1.9 10.9 12.8

Threonine 3.1 8.0 11.1

Tryptophan 0.4 2.5 2.9

Valine 4.3 3.9 8.2

1 MP Biochemicals Inc., Solon, OH, USA.

Table 6 Composition of non-essential amino acid premix (g kg)1) of

the basal diet for determining the replacement value of cystine for

methionine (Experiment 2)

Amino acids1 (g kg)1)

Aspartic acid 21.3

Serine 15.7

Proline 7.6

Glutamic acid 27.8

Glycine 7.4

Alanine 11.8

1 MP Biochemicals Inc., Solon, OH, USA.
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feeding rate, energy concentration and other diet factors, and

method of data analysis (Lovell 1989).

Methionine has three major metabolic functions: as an

essential amino acid for protein synthesis; as a sulphur

source for synthesis of other sulphur-containing biochemi-

cals; and as a methyl donor for methylation reactions

(Mehler 1986). As cystine, a non-essential amino acid, can

only be synthesized metabolically from methionine, the

requirement for sulphur-containing amino acids in tilapia

can be met by either methionine alone or the proper mix-

ture of methionine and cystine. Therefore, the presence of

cystine in the feed could spare a portion of methionine,

leading to a reduction in its requirement. In the second

experiment, weight gain of juvenile Nile tilapia increased

significantly as methionine : cystine ratio increased from

20 : 80 to 50 : 50. However, no further increase of weight

gain was observed as methionine : cystine ratio increased to

60 : 40 or higher. Broken-line regression analysis of weight

gain indicated that cystine could replace up to 49% of

methionine requirement. The replacement value of cystine

for methionine determined for juvenile Nile tilapia in this

study was similar to that of chinook salmon (50%; National

Research Council 1973). However, it was lower than that of

channel catfish (60%; Harding et al. 1977) and higher than

that of red drum (40%; Moon & Gatlin 1991), rainbow

trout (40%; Rumsey et al. 1983) and blue tilapia (44%;

Liou 1989).
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