Effects of saponin fractions from Trigonella foenum-graecum and Balanites aegyptiaca on gene expression of GH, IGF-1 and their respective receptors, growth, nutrient utilization, body composition, oxygen consumption and plasma IGF-1 in Nile tilapia (Oreochromis niloticus, L.).
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Abstract

Saponins in aquaculture feedstuffs are generally considered anti-nutritional. However, in several experiments it was shown that low level (150 ppm) supplementation with saponins from Quillaja saponaria, the South American soap bark tree, yielded several beneficial effects. Among them were improved growth rates, feed conversion efficiency, protein utilization and reduced oxygen consumption per unit body mass gain in common carp (Cyprinus carpio). In Nile tilapia, Oreochromis niloticus, supplementation levels of 300 ppm showed similar beneficial effects as the 150 ppm inclusion in carp diets.

Based on the above mentioned results an experiment was conducted in which saponin fractions (eluated with 60% or 80% methanol) from two different saponin rich plants, fenugreek (Trigonella foenum-graecum L.) and a methanol extract from the Egyptian desert date (Balanites aegyptiaca L.) were fed at different concentrations to 15 individually stocked Nile tilapia (19.1 ± 0.6 g, mean ± SD) in a respirometer system. Five treatments, namely a control diet (no saponin), three fenugreek saponin diets and one desert date saponin diet were fed to three replicates each. 

Every week the fish were weighed and feed allowance was calculated accordingly. At the end of the eight week experiment the fish were anaesthetized and killed. IGF-1 levels in plasma were determined using a radio-immuno-assay, expression of genes encoding for IGF-1, GH and their receptors were determined using semi-quantitative reverse transcriptase real time PCR and proximate composition determined.

Fish fed with 60% T. foenum-graecum saponins at a concentration of 300 mg kg-1 showed the highest performance. Their expression levels of GH and IGF-1 genes were highest followed by control. The other groups had a significantly lower expression of GH and IGF-1. These results were also reflected in the numerically best growth and feed utilization parameters and the lowest oxygen consumption. 

On the contrary, all other saponin supplementations resulted in reduced performance with considerably higher oxygen consumptions for fish fed 600 mg kg-1 60% fenugreek saponins. 

Results of gene expression levels strongly correlated with other performance parameters.

The obtained results suggest that the 60% MeOH eluated Trigonella foenum-graecum saponin fraction has a potential as natural growth promoter depending on applied concentration. 
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Introduction

With the rapidly growing aquaculture industry the demand for high quality fish feeds is increasing. At current and expected aquaculture growth rates the demand will eventually outgrow the availability of fish meal as highly digestible protein source (Hardy 2010). As a consequence the inclusion levels of plant derived proteins are increasing for formulated fish and crustacean feeds. However these plant derived ingredients have, in comparison to fish meal, a serious drawback since they always contain one or more anti-nutrients like protease inhibitors, lectins, gossypol, phytic acid, tannins or saponins (Francis et al. 2001a).

While saponins are generally considered as anti-nutrient, it has been shown in several experiments that low concentrations of Quillaja saponaria (South American soap-bark tree) saponins in the diet are improving the oxygen consumption, nutrient utilization and growth performance of carp, Cyprinus carpio and Nile tilapia, Oreochromis niloticus, respectively. When fed to common carp (Cyprinus carpio) at 150 mg kg-1 in the diet, Quillaja saponaria saponin supplementation resulted in significantly increased final body mass, reduced the oxygen uptake per unit body mass gain and improved the protein and energy utilizations compared to the control (Francis et al. 2002a, b). Nile tilapia fed with 300 ppm Q. saponaria saponins in their diet showed a significantly higher body mass gain and increased energy retention when compared to the control fish (Francis et al. 2001b). 
Saponins are glycosidic compounds mainly produced by plants that are often activated after tissue damage and act for instance as antimicrobial defense substances (Gus-Mayer et al. 1994). Saponins can be found in a great variety of different plants, including many cultured plants like soybean which is the most common plant protein source for aquaculture. Some marine invertebrates like starfish also produce saponins most likely as a chemical defense against predators (Rio et al. 1965). 

Saponins consist of a steroidal or triterpenoidal core structure called aglycone or sapogenin and one or more sugar side chains. Due to the large variations in either the aglycone or the sugar moiety they produce very diverse biological effects in animals. A detailed review of the biological actions of saponins is given by Francis et al. (2002c).
Saponin fractions were derived from two different plants, one being Fenugreek, Trigonella foenum-graecum, the other one being the Egyptian desert date, Balanites aegyptiaca. Both are frequently occurring and cultivated in the Middle East and are rich in different saponins (Marker et al. 1947, Dawidar and Fayez 1969, Hosny et al. 1992, Kamel 1998, Murakami et al. 2000). Both plants are commonly used in traditional folk medicine in the Middle East. Ethanol extract of T. foenum-graecum was considered an excellent alternative to a well known anti-diabetic drug as tested in artificially induced diabetic rats (Eidi et al. 2007). Diosgenin, a sapogenin present in fenugreek, did stimulate ion transport in human cortical neuronal cells (Wang et al. 2006).

The desert date is traditionally used as an anti-diabetic drug in folk medicine in Egypt and other parts of northern Africa and the Middle East. Kamel et al. (1991) were able to show that aqueous extracts of the desert date mesocarps and its fractions reduced the blood glucose levels significantly. A totally different application of the desert date was demonstrated by Chapagain et al. (2008) who used saponins extracted from a root derived callus as a larvicidal agent against the mosquito Aedes aegypti, the major vector for dengue fever and dengue hemorrhagic fever.
The saponins were added in low concentrations to the diets of Nile tilapia. To test whether saponin fractions derived from Fenugreek and the desert date yield similar results as obtained for carp and tilapia by Francis et al. (2001b, 2002a, b), an eight week feeding experiment with Nile tilapia was conducted. Based on previous trials two eluates from fenugreek (one in two concentrations) and a methanol extract from the desert date were chosen and tested for their effects on gene expression of GH, IGF-1 and their receptors, IGF-1 plasma levels, growth performance, oxygen consumption, nutrient utilization and chemical composition.
Material and methods

Experimental set-up

A total of 20 male Nile tilapia, O. niloticus, with a body mass of 19.0 ± 0.5 g (mean ± SD) were divided in two groups. At the start of the experiment five fish were killed by a sharp blow on the head and immediately frozen at -20°C for subsequent analysis of chemical composition. The fish were obtained from the University of Göttingen, Department of Aquaculture and Water Ecology.
The other fifteen fish were individually stocked in 12-L chambers of a fully computer controlled respirometric system (Focken et al. 1994). 
The flow rates were adjusted to 0.3 L min-1 and the temperature was kept at 27°C. The light cycle was set to 12/12 light/dark and water quality was analyzed once per week. Once weekly the fish were weighed to the nearest 0.1 g and the feed ration adjusted accordingly. After the individual weighing the fish were kept for 5 to 10 minutes in a bucket with well aerated water while the respective respirometer chamber was cleaned. The feed rations were calculated as four times (14 g kg‑0.8 day-1) the daily energy maintenance requirement (3.5 g kg-0.8 day-1) on metabolic body mass basis.
A standard diet was prepared according to Table 1 which also served as control diet. The different saponin fractions were added to the standard diet in different concentrations (Table 1) resulting in four saponin supplemented diets termed according to the included fraction and its concentration, for example 60TS600 refers to the 60% methanol extracted Trigonella saponin eluate or fraction included at 600 ppm while BA stands for Balanites saponin. The five diets were randomly assigned to the 15 chambers in triplicates.
At the end of the eight week feeding period all experimental fish were anaesthetized with 200 ppm MS 222, weighed, blood drawn from the caudal vein and killed with a sharp blow to the head. Afterwards, brain, liver and muscle samples were taken and stored on liquid nitrogen for later gene expression analysis while the carcasses were kept at -20°C for later proximate composition analysis. For the chemical analysis the fish were chopped while still frozen, autoclaved for 30 minutes at 120°C, homogenized with an Ultra-Turrax T25 (IKA-Labortechnik, Staufen, Germany), refrozen and freeze dried. Water content was calculated by difference from body mass at slaughter and dry matter mass after freeze drying. Basically the chemical analysis was conducted according to AOAC (1990) on each individual fish. In brief, dry matter was determined by drying over night to constant mass at 105 °C, ash was determined by ashing over night at 500°C, crude lipid (CL) was determined by a modified Smedes method (Smedes 1999, Schlechtriem et al. 2003). Crude protein (CP) was determined using a C/N-analyzer (C/N VarioMAX, Elementar Analysensysteme GmbH, Germany) and N x 6.25 = CP. 
Saponins were extracted from fenugreek seeds (T. foenum-graecum L.) seeds generally according to Marston and Oleszek (2000). Ethanol extracts were fractionated using a reversed phase HPLC and different consecutive methanol/water solutions (v/v, 40/60, 60/40, 80/20) resulting in three saponin eluates or fractions (40, 60 and 80%) of which the 40% eluate was discarded. An 80% methanol extract of Balanites aegyptiaca was produced by grinding 5 g of seeds to a fine powder and mixing with 80% methanol over night. Afterwards the extract was centrifuged (5 minutes at 2400 g) and the supernatant collected and evaporated in a rotary evaporator at 40°C. After another MeOH washing step with 80% MeOH and subsequent centrifugation the extract was washed with 10 ml butanol, centrifuged, butanol phase incubated over night at 6°C and next morning evaporated at 45°C. The material was dissolved in aqua dest. and freeze dried before use.
Calculations

The following parameters were calculated as shown:

Metabolic Body Mass (MBM (kg0.8)
(Live body mass (g) / 1000)0.8
Metabolic Growth Rate (MGR (g kg-0.8 day-1) 
Live body mass gain (g) / average metabolic live body mass (kg0.8) / experimental period (Dabrowski et al. 1986)

Specific Growth Rate (SGR (% day-1))
100 x [(ln final mass - ln initial mass) / days of experiment]
Routine Metabolic Rate (RMR)
mean oxygen consumption in 24 h (mg) / metabolic body mass (kg0.8) x 24

Energy Expenditure (EE (kJ))
Oxygen uptake (g) x 14.86 (kJ g-1 O2, Huisman 1976)
Energy Retention (ER (kJ))
Final gross energy (kJ) of fish – initial gross energy (kJ) of fish

Metabolizable Energy (ME), (kJ)
ER (kJ) + EE (kJ)

EE (% of GE fed)
EE (kJ) x 100 / Feed energy intake (kJ)

ER (% of GE fed)
ER (kJ) x 100 / Feed energy intake (kJ)

ME (% of GE fed)
ER (kJ) + EE (kJ) x 100 / Feed energy intake (kJ)

AUE (% of GE fed)
100 - EE (%) - ER(%)

O2 consumption (g) / protein gain (g)
Total oxygen consumption (g) / total protein gain (g)

EE (kJ) / protein gain (g)
Total EE (kJ) / total protein gain (g)

Protein Efficiency Ratio (PER)
Live body mass gain (g) / feed protein intake (g)

Protein Productive Value (PPV (%))
Total protein gain (g) x 100 / total protein fed (g)
Apparent lipid conversion (%)
Total lipid gain (g) x 100 / total lipid fed (g)

Feed Conversion Ratio (FCR)
Feed consumption (dry matter) / live body mass gain (g)
Radio-Immuno-Assay

Blood was drawn from each fish with a heparinized 1 ml syringe from the caudal vein after anaesthetizing the fish with 200 ppm MS 222. The blood was centrifuged at 4°C and 2,500 g for 5 minutes and the plasma was frozen at -20°C. For the determination of the plasma levels of IGF-1 a fish IGF-1 RIA kit from GroPep [including Anti Barramundi IGF-1 Polyclonal Antiserum (Rabbit) and Recombinant Barramundi IGF-1 (Lates calcarifer)] (catalogue nos. PAF1 and YU100 respectively) was used following the basic methodology of Claus and Weiler (1996) with some minor changes. 
Isolation of total RNA 

Extraction of total RNA from brain (including pituitary), liver and muscle tissues of Nile tilapia was carried out using TRIzol® Reagent (cat#15596-026, Invitrogen, Germany) according to the manufacturer’s instructions with minor modifications. Tissue samples were homogenized in 1 ml of TRIzol® Reagent per 50 mg of the tissue. RNA was dissolved in diethylpyrocarbonate (DEPC)-treated water.

Total RNA was treated with 1 unit of RQ1 RNAse-free DNAse I (Invitrogen, Germany) to digest DNA residues, re-suspended in DEPC-treated water and quantified photospectrometrically at 260 nm. Purity of total RNA was assessed by the 260/280 nm ratio which was between 1.8 and 2.1. Additionally, integrity was assured with ethidium bromide-stain analysis of 28S and 18S bands by formaldehyde-containing agarose gel electrophoresis. Aliquots were used immediately for reverse transcription (RT) otherwise they were stored at  -80°C.
Reverse transcription (RT) reaction

The complete Poly(A)+ RNA isolated from Nile tilapia tissues was reverse transcribed into cDNA with a total volume of 20 µl using RevertAidTM First Strand cDNA Synthesis Kit (MBI Fermentas, Germany) according to manufacturers instructions. The RT reaction was carried out at 25°C for 10 min, followed by 1 h at 42°C, and finished with a denaturation step at 99°C for 5 min. Afterwards the reaction tubes containing RT preparations were flash-cooled in an ice chamber until subjected to DNA amplification using the quantitative Real Time polymerase chain reaction (RT-qPCR).

Quantitative Real Time-Polymerase Chain Reaction (RT-qPCR)

An iQ5-BIO-RAD Cycler (Hercules, CA, USA) was used to determine the Nile tilapia cDNA copy number. PCR reactions were set up in 25 (L reaction mixtures containing 12.5 (L 1× SYBR® Premix Ex TaqTM (TaKaRa, Biotech. Co. Ltd.), 0.5 (L 0.2 (M sense and antisense primers, 6.5 (L distilled water, and 5 (L of cDNA template. The reaction program was allocated to 3 steps. First step was at 95.0°C for 3 min. Second step consisted of 50 cycles in which each cycle divided to 3 sub-steps: (a) at 95.0°C for 15 sec; (b) at 60°C for 30 sec; and (c) at 72.0°C for 30 sec. The third step consisted of 71 cycles which started at 60.0°C and then increased about 0.5°C every 10 sec up to 95.0°C. At the end of each RT-qPCR a melting curve analysis was performed at 95.0°C to check the quality of the used primers. Each analysis included a non template control. 

The sequences of specific primers of the genes used and sequence references are listed in Table 2. The quantitative values of RT-qPCR of GH, IGF-1 and their receptor genes were normalized to the bases of -actin gene expression.
Statistical Analysis

All data was analyzed using SPSS version 10.0 (IBM SPSS, Chicago, IL, USA). All data is presented as mean ± SEM if not stated otherwise. To test for homogeneity of variance a Levene test was applied while the test for normal distribution was conducted with a Kolmogorov-Smirnov test. To test for significant differences between the groups all data was subjected to an ANOVA with a subsequent Scheffé post-hoc test. Pearson’s correlation coefficient was used to check for correlations among parameters. Statistical significance level was p < 0.05.
Results

Observations, growth performance, oxygen consumption and nutrient utilization
All fish accepted the respective diets and ate the provided feed during the first two minutes. No abnormal behavior or signs of stress were observed.
Over the experimental period all groups gained similarly in protein, lipids and subsequently in energy (Table 3). Fish fed with either control or 60TS300 feed showed a numerically higher apparent lipid conversion compared to the other saponin fed groups (Table 4).
Fish fed with 60TS300 grew numerically best in terms of body mass gain and final body mass compared to all other groups. The other saponin fed groups showed the lowest growth response while the control fed fish grew close to the 60TS300 group (Table 4).
The same results can be observed in all measured and calculated growth performance and nutrient utilization parameters. Fish fed with 60TS300 always showed better or equal numerical values compared to the control group while the 60TS600 group exhibited the lowest performance. Strong positive correlations were found between feed utilization (FCR, PER and PPV) and growth performance (MGR, SGR, FBM and BMG) (p < 0.01). 
Somewhat different to the growth and nutrient utilization performances was the oxygen consumption. It was highest for fish fed with 600 mg kg-1 of the 60% Trigonella fraction fed fish while it was lowest in fish fed with only 300 mg kg-1 of the same fraction. It can be seen from Fig. 1 that the oxygen consumption in the 60TS600 treatment increases from week 4 onwards together with a dramatically increasing standard error of mean. This is caused by a dramatically increasing oxygen consumption of one replicate in the respective treatment. The control and the other two saponin fed groups had an oxygen consumption between those two groups (Fig. 1). The oxygen consumption per gram of protein gain was lowest for fish fed with 60TS300 followed by control fed fish, while it was highest for fish fed with 60TS600 (Table 5). Logically, a similar result is gained for the heat dissipation (energy expenditure) since it is calculated from the oxygen consumption (Huisman 1976). Negative correlations were found for the energy expenditure per unit of protein gain and growth performance (MGR, SGR, FBM and BMG) showing that lower oxygen consumptions resulted in higher growth performance (p < 0.05). 
Gene expression and IGF-1 plasma level
Expression of GH in brain and pituitary was highest for fish fed 60TS300 followed by control while the other saponin fed groups showed a significantly reduced expression of GH. A similar result was obtained for the expression of GHR-2 expression in brain and pituitary but not in liver and muscle tissue. IGF-1 expression was significantly lower for all saponin treated groups compared to control except 60TS300 which was numerically even higher than control. No differences were found between groups and tissues in expression of GHR-1, IGF-1 Ra and IGF-1 Rb. and between plasma levels of IGF-1. Expression levels of GH did strongly correlate to growth related parameters like BMG (r = 0.99, p < 0.01), MGR (r = 0.99, p < 0.01), SGR (r = 0.99, p < 0.001), nutrient utilization parameters like FCR (r = -0.98, p < 0.005), PER (r = 0.98, p < 0.005), PPV (r = 0.97, p < 0.01) and ER (r = 0.96, p < 0.01). Similar correlations but not as strongly pronounced were found between expression of IGF-1 and performance related parameters (see Table 6).
Discussion

To our knowledge, this is the first experiment where a traditional growth trial has been combined with proximate composition analysis, respirometry and gene expression to evaluate the effects of supplementation with saponin fractions in Nile tilapia. Furthermore this is the first time that saponin extracts have been fractionated to be tested as possible natural growth promoters.

While the observed differences between growth, oxygen consumption and proximate composition between control and treatments were not statistically significant due to low number of replicates (which is limited by the number of boxes of the respirometer system), the expression of GH, GHR-2 and IGF-1 showed significant differences between treatments. The expression of GH in the pituitary and brain and the expression of IGF-1 in the liver were significantly reduced for all saponin treatments except 60TS300 which had numerically even higher expressions of these genes than the control. In our experiment the expressions of GH and IGF-1 genes directly reflected the overall performance including the growth rates and the various evaluated feed utilization and metabolic parameters of the respective treatments. All results point towards a performance depression in all saponin supplemented treatments except the 300 ppm supplementation with the 60% methanol fractionated saponin eluated from T. foenum-graecum seeds. High expression levels of GH and IGF-1 genes resulted in numerically highest growth rates and best nutrient utilization while significantly reduced gene expressions of GH and IGF-1 resulted in numerically lowest growth and inferior nutrient utilization. 
Generally an over-expression of GH in transgenic fish results in significantly higher growth rates as reported for coho salmon (Devlin et al. 2004), Atlantic salmon (Du et al. 1992), Arctic charr (Pitkänen et al. 1999), rohu (Venugopal et al. 2004), common carp (Hinits and Moav 1999), channel catfish (Dunham et al. 1999) and Nile tilapia (Rahman and Maclean 1999).
In an in vitro study it has been shown that saponins extracted from Fenugreek significantly stimulated GH release in rat pituitary cells. The most potent substance proved to be a crude methanol extract of T. foenum-graecum (~ 22-fold higher GH release compared to control) while dioscin (~18-fold) and fenugreek saponin I (~13-fold) where also highly potent (Shim et al. 2008). Although no direct growth promotion was observed in GH transgenic tilapia, a significantly improved feed utilization was reported by Martínez et al. (2000). The differences between the different treatments compared to control, although we did not measure GH release, were far less pronounced as the above mentioned results. Feeding common carp with 150 mg per kg diet for eight weeks with crude Quillaja saponaria saponins resulted in significantly increased final body mass and improved oxygen consumption while a similar effect was yielded in tilapia when the saponin inclusion level was raised to 300 mg kg-1 diet (Francis et al. 2001b, 2002 a, b). The two main differences between those experiments and our experiment where the nature of the saponins on one side and the degree of saponin fractionation on the other side. Q. saponaria saponins are of triterpenoid nature (Guo & Kenne 2000) while T. foenum-graecum (Marker et al. 1947, Murakami et al. 2000) and B. aegyptiaca (Marker et al. 1947, Dawidar and Fayez 1969) saponins are of steroidal nature. The goal of this experiment was to test if saponins derived from two common and widespread Middle Eastern plants can be used as environmentally friendly growth promoters. To do so a fractionation was conducted with the future goal in mind to identify and purify a single compound responsible for a growth promoting effect as experienced in the experiments of Francis and his colleagues. However, evidence exists that the biological activity of saponins is not the consequence of one single biologically active saponin or sapogenin which can be extracted and purified but rather that saponin mixtures exhibit the highest biological activity. As mentioned above, the highest release of GH in rat pituitary cells was measured after stimulation with crude methanol extract derived from fenugreek (Shim et al. 2008) and Kamel et al. (1991) showed that single saponins derived from B. aegyptiaca showed no anti-diabetic activity while different mixtures of single extracted saponins showed significant anti-diabetic activity. Also Francis et al. (2001b, 2002a, b) used crude Quillaja saponin mixtures yielding far more pronounced effects than we observed in our experiment. Nevertheless we found a tendency that certain saponin fractions were less detrimental for growth and nutrient utilization (60% methanol fraction) while another fraction of the same plant seemed to exhibit stronger anti-nutritional activity (80% methanol fraction) when applied in the same concentration of the diet. Furthermore the concentration of the saponin matters since 600 ppm of the 60% MeOH extract from Fenugreek in the diet yielded similar bad results as 300 ppm of the 80% MeOH extract from Fenugreek. The variance in the oxygen consumption experienced in the 600 ppm treatment of the 60% Fenugreek methanol fraction is starting to increase from the 4th week onwards. The cause is a strongly increasing oxygen consumption of a single fish while the other two fish’s metabolic rates only increase slightly which could be explained by increasing body mass. That might point towards a rising inability of the fish’s metabolism to cope with higher amounts of this specific saponin fraction. 

Despite a potential application of saponins as growth promoter in aquaculture they might also be used to influence the sex ratio in vivo. This is especially interesting for tilapia since the commercial tilapia production depends on male monosex cultures which are at the moment mainly produced by application of a synthetic androgen, 17--methyletestosterone. 

Commercial extracts of Tribulus terrestris, known as Gokshura, had a significant effect on sex ratio and in the highest dose also on growth of the African catfish, Clarias gariepinus (Turan and Çek 2007). Furthermore, the same extract was able to increase the sex ratio of male convict cichlids (Cichlasoma nigrofasciatum) (Çek et al. 2007). 

Gokshura is reported to be rich in steroidal saponins but with varying compositions depending on origin (Dinchev et al. 2008). 

Up to now only very little attention has been paid to effects and potential of saponins as feed additives in aquaculture feeds. While saponins are in use in terrestrial livestock feeds for example to control ammonia and odor (Cheeke 1999) they are generally still considered anti-nutrients for aquatic animals. 

We conclude that the saponin fractions derived from Fenugreek and the desert date in the applied concentrations are no possible alternative for prohibited antibiotics as growth promoters in Nile tilapia production. However, a certain potential as growth promoter might be found in the 60% MeOH saponin fraction from Fenugreek or in crude saponin extracts and that the effects of the saponins are likely to be concentration depending. 
More studies are needed to test a possible optimum dietary concentration of that saponin fraction (60TS). Furthermore, the decreased performance of other saponin treated fish, including the higher concentration of 60TS, points toward anti-nutritional effects. The combined results are in good coherence since high expression levels of GH and IGF-1 genes positively correlated with parameters related to growth, nutrient digestion and metabolic efficiency.
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Figure 1: Average weekly routine metabolic rate over the experimental period. Values are presented as mean ± SEM, n = 3
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Figure 2: Expression of GH in brain and pituitary and GH receptors 1 and 2 in brain & pituitary, liver and muscle, respectively. Values are presented as mean ± SD, n = 3,

*: p < 0.01
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Figure 3: Gene expression of IGF-1 in liver and IGF-1 receptors a and b in brain & pituitary, liver and muscle, respectively. Values are presented as mean ± SD, n = 3, *: p < 0.01
Table 1: Ingredients of the basal and experimental diets and chemical composition of the standard diet
	
	Diet

	Ingredient
	Control
	60TS300
	60TS600
	80TS300
	80BA300

	Trigonella 60% Fraction (mg kg-1)
	
	300
	600
	
	

	Trigonella 80% Fraction (mg kg-1)
	
	
	
	300
	

	Balanites 80% Fraction (mg kg-1)
	
	
	
	
	300

	Fish meala (g kg-1)
	500
	500
	500
	500
	500

	Whole wheat meal (g kg-1)
	420
	420
	420
	420
	420

	Sunflower oil (g kg-1)
	40
	40
	40
	40
	40

	Vitamin premixb (g kg-1)
	20
	20
	20
	20
	20

	Mineral premixb (g kg-1)
	20
	20
	20
	20
	20

	Standard diet
	DM

(%)
	CA

(g kg-1 DM)
	CP
(g kg-1 DM)
	CL

(g kg-1 DM)
	GE

(kJ g-1 DM)

	
	93.2
	11.9
	41.9
	12.6
	20.8


DM = dry matter, CA = crude ash, CP = crude protein, CL = crude lipids, GE = gross energy
aNorwegian fish meal obtained from Wuerttembergische Zentralgenossenschaft, Germany.

bPrepared after Gaye-Siessegger et al. (2004).

Table 2. Primer sequences used for RT-qPCR

	Gene
	Primer sequence (5’–3’)a
	Sequence references 



	GH
	F: GAA CTG ATG CCA GCC ATG A
	Ber and Daniel (1992)

	
	R: AGC TAC AGA GTG CAG TTT G
	

	GHR-1
	F: CCA TCA GAT GAG CAA CTT CTG AAA AGT
	Jiao et al. (2006)

	
	R: ACT TCC TGG TGA ATC AGC CTT A
	

	GHR-2
	F: CAC AGA CTT CTA CGC TCA GGT CA
	Kajimura et al. (2004)

	
	R: TGA GTT GCT GTC CAG GAG ACA
	

	IGF-1
	F: GTC TGT GGA GAG CGA GGC TTT
	Schmid et al. (2003)

	
	R: AAC CTT GGG TGC TCT TGG CAT G
	

	IGF-1 Ra
	F: CTAAGGGCGTGGTTAAGCAC
	Greene and Chen (1999)

	
	R: TTGTTGGCGTTGAGGTATGC
	

	IGF-1 Rb
	F: AGG GAC GAG CCA GAG ACG
	Greene and Chen (1999)

	
	R:TTC AGA GGA GGG AGG TTG
	

	(-actin
	F: GTG ATG TGA CGC TGG ACC AAT C
	Hwang et al. (2003)

	
	R: CCA TGT CAT CCC AGT TGG TCA CAA T
	


a F: forward primer; R: reverse primer.
Table 3: Initial and final proximate chemical analysis of control and experimental fish on fresh matter basis. 

	
	Initial group
	Control
	60TS300
	60TS600
	80TS300
	80BA300

	Crude protein (%)
	11.8 ± 0.17
	15.2 ± 0.50
	15.1 ± 0.15
	15.3 ± 0.21
	14.8 ± 0.23
	15.3 ± 0.10

	Crude lipids (%)
	3.3 ± 0.10
	6.9 ± 0.28
	6.8 ± 0.18
	6.1 ± 0.36
	6.3 ± 0.28
	6.2 ± 0.62

	Crude ash (%)
	4.0 ± 0.12
	4.5 ± 0.14
	4.4 ± 0.10
	4.4 ± 0.07
	4.4 ± 0.11
	4.4 ± 0.11

	Dry matter (%)
	22.9 ± 0.19
	27.4 ± 1.06
	27.1 ± 0.12
	26.1 ± 0.23
	25.9 ± 0.37
	26.1 ± 0.80

	Gross energy (kJ g-1 )
	4.51 ± 0.12
	6.08 ± 0.35
	5.94 ± 0.12
	5.62 ± 0.14
	5.63 ± 0.20
	5.67 ± 0.24


values are expressed as mean ± SEM, n = 3
Table 4: Growth performance, nutrient utilization and IGF-1 plasma levels of tilapia. 

	
	Control
	60TS300
	60TS600
	80TS300
	80BA300

	Initial body mass (g)
	19.2 ± 0.34
	18.9 ± 0.32
	18.7 ± 0.26
	18.9 ± 0.41
	19.3 ± 0.06

	Final body mass (g)
	52.0 ± 6.25
	54.0 ± 6.21
	44.3 ± 2.17
	45.8 ± 4.93
	47.0 ± 3.04

	Body mass gain (g)
	32.8 ± 6.03
	35.1 ± 6.38
	25.6 ± 2.41
	27.0 ± 5.09
	27.2 ± 2.98

	Growth (%)
	270 ± 29.3
	286 ± 35.0
	238 ± 14.8
	244 ± 27.9
	243 ± 15.0

	SGR (% day-1)
	1.75 ± 0.19
	1.85 ± 0.23
	1.54 ± 0.11
	1.56 ± 0.22
	1.58 ± 0.11

	MGR (g kg -0.8 day-1)
	6.47 ± 0.81
	6.86 ± 0.98
	5.52 ± 0.44
	5.66 ± 0.88
	5.74 ± 0.46

	Feed conversion ratio
	1.13 ± 0.13
	1.12 ± 0.17
	1.33 ± 0.09
	1.35 ± 0.22
	1.31 ± 0.10

	Protein efficiency ratio
	2.17 ± 0.29
	2.21 ± 0.29
	1.81 ± 0.13
	1.85 ± 0.27
	1.85 ± 0.14

	Protein productive value (%)
	34.4 ± 3.33
	34.7 ± 4.29
	29.5 ± 1.31
	28.6 ± 3.16
	30.0 ± 1.98

	Apparent lipid convers. (%)
	62.5 ± 7.04
	62.1 ± 4.66
	46.3 ± 5.43
	48.5 ± 2.13
	47.8 ± 5.18

	Feed intake (g DM)
	35.6 ± 1.76
	37.3 ± 2.20
	33.6 ± 0.92
	34.3 ± 1.95
	35.5 ± 1.18

	IGF-1 plasma level (ng ml-1)
	23.8 ± 2.68
	23.1 ± 3.63
	22.5 ± 3.46
	25.3 ± 2.29
	23.5 ± 5.65


Values are expressed as mean ± SEM, n = 3
Table 5: Energy balance for all five groups. 

	
	Control
	60TS300
	60TS600
	80TS300
	80BA300

	Initial fish GE (kJ)
	86.8 ± 1.55
	85.4 ± 1.43
	84.3 ± 1.15
	85.1 ± 1.85
	87.0 ± 0.29

	Final fish GE (kJ)
	314 ± 32.4
	321 ± 38.3
	249 ± 16.1
	256 ± 18.9
	265 ± 11.5

	Ingested feed GE (kJ)
	739 ± 36.6
	775 ± 45.6
	698 ± 19.1
	711 ± 40.5
	738 ± 24.4

	ER (kJ)
	227 ± 32.0
	235 ± 38.8
	165 ± 17.3
	171 ± 19.7
	178 ± 11.4

	EE (kJ)
	201 ± 32.7
	186 ± 20.7
	258 ± 59.2
	198 ± 12.7
	197 ± 4.35

	ME (kJ)
	429 ± 64.7
	422 ± 54.7
	423 ± 45.9
	369 ± 15.5
	376 ± 14.6

	AUE (kJ)
	310 ± 30.7
	353 ± 9.25
	275 ± 64.9
	342 ± 35.7
	362 ± 15.7

	ER (% of GE fed)
	30.5 ± 2.85
	30.0 ± 3.45
	23.6 ± 2.04
	23.9 ± 1.66
	24.2 ± 1.23

	EE (% of GE fed)
	27.0 ± 3.14
	23.9 ± 1.63
	37.5 ± 9.68
	28.2 ± 2.14
	26.8 ± 0.29

	ME (% of GE fed)
	57.5 ± 5.99
	53.9 ± 4.11
	61.1 ± 8.46
	52.1 ± 2.57
	50.9 ± 1.24

	AUE (% of GE fed)
	42.5 ± 5.99
	46.1 ± 4.11
	38.9 ± 8.46
	47.9 ± 2.57
	49.1 ± 1.24

	Cons. O2 (g) / protein gain (g)
	2.61 ± 0.13
	2.36 ± 0.26
	4.34 ± 1.30
	3.45 ± 0.74
	3.00 ± 0.23

	EE (kJ) / protein gain (g)
	38.7 ± 1.93
	35.0 ± 3.87
	64.5 ± 19.4
	51.2 ± 11.0
	44.6 ± 3.48


Gross Energy (GE), Energy Retention (ER), Energy Expenditure (EE), Apparently Unutilized Energy (AUE), Metabolizable Energy (ME) and Oxygen Consumption and Energy Expenditure per gram Protein gain. Values are expressed as mean ± SEM, n = 3
Table 6: Pearson’s correlation coefficients for selected growth and nutrient utilization parameters and for gene expression. * = p < 0.05,

** = p < 0.01
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